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Introduction

1 Introduction

This thesis provides a brief introduction to the research field of molecular therapeutics

and associated efficient delivery strategies.

1.1 Combination chemotherapy

Cancer is a public health problem and one of the leading causes of worldwide death. It
annually claims more than 8 million lives.! 2 Cancers are treated with various treatments,
such as chemotherapy, hormone therapy, surgery, radiation, immune therapy, and
targeted delivery.® Further interventions are necessary to lower the rate and manage
the disease by implementing various strategies, such as the new treatment methods.
With the development of therapeutic modalities, it is essential to identify the most
effective treatment. Among several new therapeutic approaches, nanotechnology in
cancer plays several roles, including the detection and treatment of cancer,
identification of biomarkers, understanding of the progress guiding the development of

new diagnostics and imaging agents.*

The first trial of chemotherapy began in the 1940s by Goodman and Gilman to examine
the potential for a lymphoid tumor.® Since then, billions of dollars have been spent every
year in the pharmaceutical industry to investigate the discovery and development of
new drugs and their approval. However, scientists can not address the clinical need for
disease treatments and cancer. The new pharmaceutical anticancer agent is still one
of the burning issues for scientists due to cancer remains the leading cause of death
and increases the economic and financial burden. It is imperative and essential to find
efficient, economically feasible approaches. The new approaches must address
several limitations, such as non-specific targeting, drug resistance, excessive toxic

effects, and undesired treatment side effects.

The isolation and characterization of the natural drug by Zubrod et al. in the lab in
1956.% The cancer drug discovery had gained a reputation for having high risk and little
chance of efficiency. Fewer than 10 % of new drugs entering clinical trials achieved
Food and Drug Administration (FDA) approval for marketing. During the drug discovery
and clinical development of anticancer drugs, scientists found that the significant issue
was the acute and long-term toxicities of chemotherapies, which affected virtually every
healthy organ of the body. Therefore, seeking new generations of cancer treatment

methods with high selectivity for tumor cells is essential.

More and more researchers have paid attention to tumor-targeted combination
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therapies recently, especially in nanomedicine. The first combination therapy was
proposed in 1965 by Holland, Frei and Freireich for acute leukemia. This approach
extended to the lymphomas in 1963.7 Other promising cases were reported to prove
the ability of combination chemotherapy to cure different large-cell tumors.®
Combination therapy with multiple treatments is more effective than single therapy
because it produces synergistic anticancer effects, reduces drug-related toxicity, and

inhibits multidrug resistance through different mechanisms.®

The strategy for chemotherapy of cancer needs to demonstrate to reach the
requirement of successful chemotherapy. With the understanding of molecular and
genetic approaches, the signaling networks that regulate cellular activities such as
proliferation and survival were radically altered in cancer cells. A breakthrough in
medical oncology occurred with the development of targeted therapy in 1980, which
determined an improvement in the effectiveness of cancer treatments.® This new
strategy included growth factors, signaling molecules, cell-cycle proteins, modulators

of apoptosis, and molecules.

According to the action mechanism of antitumoral drugs, the cancer cells can be
targeted at DNA, RNA, or molecular level, at the organelle or nucleus on a cell level,
and at the endothelium and extracellular matrix on a tissue level.1° Traditional small
molecule agents are to damage DNA and interfere with cellular mitosis, and they are
the mainstream of cytotoxic anticancer in clinical application. Moreover, most classic
chemotherapeutic agents interact with the DNA of cancer cells, whereas monoclonal
antibodies are directed against proteins or the endothelium and extracellular matrix.!
They include alkylating agents, anti-microtubule agents, anti-metabolitesm

topoisomerase inhibitors, cytotoxic antibiotics, and so forth.

1.1.1 Co-delivery of different small molecule drugs

Anti-microtubule agents include vinca alkaloids and taxanes. They can prevent the
formation of the microtubules, whereas the taxanes, including paclitaxel (PTX) and
docetaxel, can prohibit the microtubule disassembly. As a result, cancer cells do not
complete mitosis. Cytotoxic antibiotics obtained from the bacterium streptomyces
peucetius, for example, doxorubicin (DOX) and daunorubicin, were the first-line
chemotherapeutic drugs. Their anticancer mechanisms include 1) DNA intercalation
(molecules insert between the two strands of DNA), 2) generation of highly reactive
free radicals that damage intercellular molecules, and 3) topoisomerase inhibition. PTX
and DOX are most used in nano-drug co-delivery system (NDCDS) chemotherapeutic
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drugs, which have different pharmacological mechanisms and subcellular targets.'?15
It is worth mentioning that NDCDS has developed rapidly in the two decades. This
delivery system is recognized to have the advantages of breaking through the biological
barrier, improving the target property, and enhancing the penetration ability of the tumor
tissue. The nano drug co-delivery system, designed for clinical combination
chemotherapy, encapsulates at most minuscule two anticancer drugs with different
physicochemical and pharmacological properties into a delivery system. The
combination of chemotherapeutic agents and other drugs that target different cellular
pathways, such as chemosensitizers, can delay cancer adaptation by reducing the
possible cancer cell mutation. In recent decades, NDCDS has emerged as a promising
strategy of combined anticancer therapy to combat sophisticated cancer pathways for
better therapeutic efficacy. In addition, it can get higher targeting selectivity. Chen and
co-workers demonstrated that the co-delivery of polyethylene glycol-polylactic-co-
glycolic acid (PEG-PLGA) nanoparticles- loaded DOX and PTX could enhance the anti-
tumor efficacy of the combination chemotherapy with free DOX and PTX on non-small
cell lung cancer.1® The drugs exhibited excellent synergistic efficacy in the NDCDS.
Furthermore, the co-encapsulation of DOX and mitomycin C within polymer-lipid hybrid
nanoparticles (DMPLN) to achieve tumor-targeting delivery in a murine breast tumor
model, which was reported by Zhang et al.}” Compared to the free drug, the formulated
nanoparticles showed higher levels of cancer cell apoptosis and reduced organ toxicity.
They proved that NDCDS could effectively deliver two therapeutic agents with different
chemical properties, such as hydrophobicity and hydrophilicity drugs.

However, there is still a big challenge in NDCDS encapsulating different anti-tumor
agents to find the ideal carrier. Many biomaterials have been investigated for
constructing therapeutic delivery carriers via tailoring their chemical and physical
properties to meet specific needs in different situations. Polymers have been
extensively studied for their potential to simultaneously deliver different
chemotherapeutic agents with low aqueous solubility. Drugs with poor water-solubility
are encapsulated with polymers to form micelle structures, where drugs reside within

the hydrophobic core, and hydrophilic chains form the micelle shell.

Liposomes usually comprise phosphatidylcholine, or their hydrogenated derivatives,
exhibiting a higher phase transition temperature. Hydrophilic drugs can be easily
dissolved in the external aqueous core during liposome preparation using the standard
thin layer hydration method, while a hydrophobic drug can dissolve between the lipid

bilayers oil phase.® In 1975, the liposomal cytarabine materials enhanced the survival
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of leukemic mice in vivo compared to cytarabine alone, as demonstrated by

Kobayashi.*® In 1995, pegylated liposomal doxorubicin was the first nanocarrier
approved by the FDA. Many delivery systems on the market or clinical trials are

liposomal or lipid-based products.

Lipid nanocarriers tend to passively accumulate in tumor tissue via the enhanced
permeability and retention (EPR) effect caused by tumor vessels’ unique anatomical
and pathophysiological characteristics. Moreover, the circulation time of liposomes in
tumor tissue can be increased with the modification of PEGylation. Patel et al. prepared
stealth liposomes encapsulated with P-glycoprotein (P-gp) inhibitor tariquidar and drug
Paclitaxel (PTX) by thin-film hydration.?° Also, liposomes can be designed to respond
to specific signals, such as hyperthermia, pH decrease, or an alternation of external
magnetic field or ultrasound to release their aqueous content. The triggered release
was utilized to avoid unfavorable side effects in non-targeted sites and enhance

therapeutic efficacy.

Polymeric nanoparticles are often considered alternatives to liposomal vehicles for their
improved in vivo stability and loading efficiency. Poly (lactic-co-glycolic acid) (PLGA) is
one of the most widely used materials for drug delivery due to its outstanding ease of
processing, biodegradability, and biocompatibility.?® The co-delivery formulation
exhibits more effective antitumor effects than free drugs or single-drug-loaded

nanoparticles by inducing apoptosis and cell cycle retardation.?°

Coincidentally, in our working group, Truebenbach et al. demonstrated that the
combined effect of polyelectrolyte complexes formed by two drugs, methotrexate, and
pretubulysin encapsulated in cationizable lipo-oligomer 454, showed a more efficient
delay in tumor growth and a significant increase in mice survival (bearing subcutaneous
L1210 tumors) compared to the free drug combination methotrexate and pretubulysin
(MTX+PT) (Figure 1.1). ¢
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Figure 1.1. Nanomicelle complex formation based on lipooligomer 454, Methotrexate, and
Pretubulysin, and the treatment of subcutaneous L1210 tumors.?*

1.1.2 Co-delivery of Methotrexate and Pretubulysin

Methotrexate (MTX) proved to have antitumor activity in a range of epithelial
malignancies when used as a single agent, including breast, ovarian, bladder, head,
and neck cancers,?? see the structure in Figure 1.2. In the chemical property of MTX,
10-formyltetrahydrofolate (10-formyl-THF) provides a 1-carbon group for synthesizing
purines in the reactions. The reactions are mediated by glycinamide ribonucleotide
(GAR) transformylase and amino imidazole carboxamide ribonucleotide (AICAR)
transformylase. 5,10-methylenetetrahydrofolate (CH2-THF) donates its 1-carbon group
to the reductive methylation reaction converting dUMP to thymidylate dTMP. 5-
methyltetrahydrofolate (5-CH3-THF) contributes a methyl group in converting
homocysteine to methionine. It can enter the cells through the reduced folate carrier
(RFC) by a folate receptor (FR) in an endocytic pathway. In the cell, it competitively

inhibits the enzyme dihydrofolate reductase (DHFR) and then blocks the regeneration
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of dihydrofolate (FH2) to tetrahydrofolate (FH4).2® Afterwards, the synthesis of
thymidylate is reduced and inhibits the synthesis of DNA and the induction of apoptosis

(Figure 1.3). Nowadays, MTX is widely used in cancer chemotherapy; even a low
concentration of methotrexate inhibits the synthesis of monocytes and the production
of superoxide by the cells. The MTX resistance or the loss of drug efficacy could happen
in any of those steps, including a decrease in cell uptake, reduction in intracellular
retention due to ineffective polyglutamylation, an increase in DHFR activity,
reductionrease in binding of MTX to the enzyme. This hurdle can be overcome by

combining MTX with a second antitumoral agent.
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Figure 1.2. Chemical structures of (A) methotrexate and (B) folate.
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Figure 1.3. Mechanism of the action of methotrexate.

During the development and discovery of drugs, tubulin-binding agents are observed
and well-established in the clinical treatment of metastatic cancer. Tubulysins were first
discovered by Sasse et al. in 2000, showing potential for experimental anticancer
drugs.?* They consist of N-methyl pipecolic acid (Mep), l-isoleucine (lle), and two
unusual novel amino acids, tubuvaline (Tuv) and unsaturated tubuphenylalanine
moiety. They disrupt the microtubule network, prevent tubulin polymerization at low

nanomolar concentration, and result in strong G2/M arrest. Tubulysin can also induce
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apoptosis in a dose-dependent manner in some cell lines.?> However, the tubulysins
can be obtained from fermentation and isolation procedures, and the synthesis of
tubulysin is very challenging.?® Pretubulysin (PT) is a precursor of tubulysin, containing
similar biological properties as tubulysins. It binds to the B-subunit of tubulin, which can
lead to microtubule-depolymerize and inhibit tumor cell growth (the structures shown in
Figure 1.4). PT has been identified as a very potential microtubule-binding agent; it is
more easily chemically accessible, which means it can be obtained once in the gram
scale. Meanwhile, it possesses simple chemical structures but high efficacy in inducing
anoikis and apoptosis in invasive tumor cells.?” The combined antitumoral effects of
pretubulysin and methotrexate have been proved by Kern et al.?® Consistent with the
cell cycle effects, MTX combined at a moderate dose boosts the antitumoral effect of
PT in both in vivo tumor models. Therefore, the PT+MTX combination may present a

promising therapeutic approach for different types of cancer.

@g: Miqb;‘;jw W:ﬁ%ﬂ :59

Figure 1.4. Chemical structures of (A) Tubulysin and (B) Pretubulysin.

1.1.3 Targeting ligands for delivery systems

As we know, the targeting drug delivery system (TDDS) is a new means of selectively
administering a drug to a target organ, tissue, or cell without affecting healthy normal
cells. It showed promising results in the anti-tumor drug delivery?® 20 The targeting drug
delivery system mediated by ligands could improve the specificity of delivery agents to
the intended location, increase accumulation in the cellular of disease tissue, and may

provide an alternative delivery mechanism. 3!

In combination therapies, especially in synergistic chemotherapy, anticancer drugs lack
tumor selectivity, thus increasing potential toxicity in normal tissues. Using a targeted
delivery system with nanotechnology to transport chemotherapy drugs can enhance
the drug concentration at the target site, significantly reduce the side effects and
improve the effectiveness of chemotherapy.3? The targeted efficacy of drug therapy for
cancer was firstly tested after the second world war, and the effects of folic acid on
patients with leukemia were investigated at Harvard Medical School.>* The

chemotherapy was a success; the principle was that it blocked the function of folate
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requiring enzymes, and the antifolates could suppress the proliferation of malignant
cells. In general, the tumor-targeted drug delivery system can eliminate the limit of their
cytotoxicity to the normal cells. The ligands help touch the target tumor cells and
mediate the cellular uptake. Furthermore, the final combination of chemotherapy with
different intracellular targets can target different pathways to create a synergistic effect.
The receptor for folate has been identified as a marker for ovarian carcinomas, and it
has also been found to be frequently overexpressed in many other types of tumors

targeted drug delivery.

Folate receptors (FRs) designated a and 3 form, frequently found in organs like lung,
kidney, and placenta, are overexpressed in human tumors. They bind folic acid (FA)
with high affinity33 34, Meanwhile, the receptor generally does not exist in most normal
tissues. FA is the synthetic oxidized form of folate. It plays a significant role in DNA
synthesis and replication, cell division, growth, and survival. Klein et al. synthesized
siRNA polyplexes modified with folate-targeted PEG shielding agent, and they show
that the targeted, bivalent DBCO agent with a short PEG24 sequence was superior in
terms of particle size, receptor targeting, cellular uptake, and gene silencing in vitro
(Scheme 1).%° MTX, as a folic acid analog, inhibits the synthesis of FH2 and decreases
the availability of FH4. So, FA and MTX can serve as the selective targeting ligand for

the targeted combination chemotherapy.

Lipo-oligomer siRNA
N @R EDO SN
e
40 min at RT
DBCO agent
I —
4 h at RT

Scheme 1. Formulation of a polyplex with siRNA functionalized with DBCO-Folate.*

The epidermal growth factor receptor (EGFR) is another targeting ligand explicitly used
for chemotherapy.3® EGFR was found in 1984 by Drebin3’ as a protein tyrosine kinase

that shows overexpression in many cancer cell lines. The signal-transducing tyrosine
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kinase activity of the EGFR and related receptors is dormant when the receptors are
isolated. When some specific ligands bind to the receptor extracellular portion,
dimerization could happen. The dimerized receptor can activate the receptor enzymatic
activity through the phosphorylation of tyrosine residues in the receptor C-terminal
portion, resulting in intracellular signal transmission activation.®® GE11(the sequence is
YHWYGYTPQNVI, Molecular weight is1540 g/mol) consisting of 12 amino acids, a
small peptide, demonstrates excellent EGFR affinity.3® Several reports have proved
that the nanoparticles coupling with GE11 possesses efficient delivery to EGFR

overexpressing tumors,40-42

1.2 Non-viral gene delivery

With the development of nanotechnologies for solid tumor and cancer treatment, the
strategies for natural drugs combination chemotherapy have improved significantly. A
series of novel therapeutic nucleic acids entered research and clinical evaluation.
Today gene therapy is a promising approach to treating genetic diseases, including
mitochondrial-related diseases like blindness, muscular dystrophy, cystic fibrosis, and
some cancers.*3*> Gene delivery is the transport of genes of therapeutic values into
the chromosomes of the cells or tissues which can target to replace the faulty genes.
Initially, non-viral gene therapy focused on DNA-based gene transfer,
immunostimulatory oligonucleotides, and gene inhibition by antisense oligonucleotides
or ribozymes. Then include small interfering RNA (siRNA) and micro RNA in various
variations and chemical modifications, stabilized message RNA (mRNA), splicing-
modifying oligo-nucleotides, or single guide RNA (sgRNA) for genome-modification
were found and utilized in evaluation. However, the extracellular and intracellular
trafficking barriers represent a significant limitation in delivering fragile therapeutics.
Systemically administered macromolecules are rapidly sequestered by the
reticuloendothelial system (RES), and internalized molecules are quickly trafficked to
lysosomes for acidic and enzymatic degradation. It is vital to address the challenges,
including that these macromolecules must be stabilized against degradation in the
bloodstream and clearance, taken up by the target cells, and reach the intracellular site

of action.

SsiRNAs can silence the expression of virtually any gene through the activated pathway
with high efficiency and specificity. The therapeutic potential of this method is far-
reaching, and siRNA-based therapeutics are under development for the treatment of
diseases ranging from viral infections*® 47 to hereditary disorders and cancers?*é 4°,

There are around 22 RNAIi-based materials under evaluation in clinical trials, including
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the naked siRNA, Cyclodextrin NP, and lipid nanoparticles (LNP). Unmodified siRNA is
unstable in the bloodstream, can be immunogenic, and does not readily cross
membranes to enter cells.>° For utilizing the siRNA therapeutics, the critical challenge
of safety and efficiency inside has to be solved. Chemical modifications and delivery
materials are required to bring siRNA to its site of action without adverse effects.
Polymers®?, lipids®? %3, peptides®*, antibodies®®, aptamers®®, and small molecules®’: °8
are under exploration by innovative scientists to address the challenges. It is worth
mentioning that successful lipid-siRNA systems have been developed by rational

design or discovered by using high-throughput screens.53
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Figure 1.5. Synthesis of lipidoid using high-throughput screens for siRNA delivery.>3

The non-viral delivery systems of mRNA and plasmid deoxyribonucleic acid (pDNA)
have been demonstrated in the vaccines against the novel SARS-CoV-2 (COVID-19).
Two formulations of mRNA vaccines from Pfizer—BioNTech and Moderna were

approved for emergency use within one year after the pandemic outbreak and have
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been administered to billions worldwide.>® A pDNA vaccine developed also was
approved in India by Zydus Cadila, exhibiting high efficiency for preventing infection in
a large clinical trial.®% These successful examples prompt further research and the
development of vaccines and therapeutics based on mMRNA and pDNA. pDNA is widely
used for transient gene delivery applications due to its ability to accommodate large
gene payloads, ease of construction, low production cost, and resistance to
degradation.®* Delivering mRNA is another method for achieving transient gene
expression in target cells.®? mRNA as a novel therapeutic payload can be readily
translated in the cytoplasm and does not need to translocate through the restrictive
nuclear barrier. However, there are still some improvements for the delivery systems,
such as preventing extracellular mRNA and pDNA degradation by nucleases,
increasing intracellular targeting of MRNA and pDNA to the desired sites, and
prolonging the duration of protein expression from mMRNA and pDNA.% The mRNA
stability and immunogenicity improvements have helped increase its popularity as a

transgene vector.54

Many gene therapies are focused on permanently altering the genome of target cells
within a patient in a process known as gene editing. These therapeutic strategies utilize
nucleic acid and protein-based machinery. Moreover, gene therapy strategies have
embraced technologies that can achieve genomic manipulations, such as gene
insertions and knockouts, with greater precision. The most common non-viral gene-
editing platforms include zinc finger nucleases, transcription activator-like effector
nucleases (TALENs), meganucleases, and the CRISPR/Cas9 system.®® These
nuclease systems induce a double-strand break (DSB) in a precise location of the
genome, which stimulates endogenous cellular repair machinery. Repair of the DSB
can occur through nonhomologous end-joining (NHEJ) or homology-directed repair
(HDR). The NHEJ pathway ligates the broken ends and often introduces insertions
and/or deletions that can disrupt genes at the site of the break (knockout). In contrast,
the HDR pathway can repair the break by using a DNA template containing a
homologous sequence, and by doing so, the repair can lead to the insertion of an
exogenous gene of choice (knock-in).%% 67 The lipid-based systems get a fantastic

process in delivering these cargos obtaining impressive therapy.58 69

1.3 Delivery strategies for different therapeutics

Nanomaterials-based cancer therapy is essential in increasing the therapeutic
efficiency against cancer by combining nanomaterials and chemo-therapeutic agents.

Nanoparticles are promising drug carriers. They could deliver the hydrophobic and/or
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hydrophilic drug molecules, peptides, small molecule drugs, antibodies, or nucleic acids
to the tumor site with minimum toxicity to surrounding tissues; this safe delivery is based
on their penetration capacity. The collective physicochemical properties, such as the
size, polydispersity, shape, charge, and surface hydrophobicity/hydrophilicity, can

affect the biological identity of the nanopatrticles.

The size of nanoparticles plays a crucial role in cellular uptake. It can affect the physical
interaction between the nanoparticles and the cell membrane, leading to the
segregation and clustering of nanopatrticles on the cell surface and a subsequent cell
membrane response.’® 1 For example, de Planque et al. reported that the permeability
and integrity of membranes strongly depend on the size and surface chemistry of the
interacting nanoparticles.”? Besides nanopatrticle size, the shape is another crucial
factor for cellular uptake. Besides nanoparticle size, the shape is another critical factor
for cellular uptake. Using a simulation approach showed the role of shape and
orientation in the cellular uptake of nanorods and nanocubes of different aspect ratios
and edge curvatures, respectively.”®> Herd et al. reported that clathin-mediated
endocytosis is the most favorable mechanism for spherical NPs, whereas their
helminth-like counterparts undergo micropinocytosis or phagocytosis.’”* Also,
electrostatic interactions between charged nanoparticles and the cell membrane are of
great biological significance. The charged NPs have been proved that they show a
more favorable thermo-dynamical interaction than their uncharged counterparts.”
Additionally, the adhesion of positively charged NPs to the cell membrane can promote
the membrane wrapping phenomenon. Hihn et al. explored how surface charge
indirectly affects cell-NP interactions via the alteration of the protein corona around the

nanoparticles.’®

The surface hydrophobicity/ hydrophilicity plays a vital role in the interaction between
nanoparticles and cells.”” The hydrophobic nanoparticles are thermo-dynamically
stable around the middle of the hydrophobic core of the cell membrane. Moreover,
semi-hydrophilic nanoparticles energetically prefer to adsorb on the bilayer surface
rather than into the core, which leads to membrane wrapping (endocytosis).”® In
addition, the functionality of the surface is also one of the significant effects of
dominating the ability of nanopatrticles. It is essential to understand the role of surface
functionalization in the biological effects of nanoparticles is required to facilitate the
efficient engineering of nanomedicines. Functionalized nanoparticles can take
advantage of overexpressed or unique receptors on the cell surface. In this context,

targeting small molecules, aptamers, peptides, proteins, and antibodies that can
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interact with these receptors are widely used to functionalize particles.”®-8!

1.3.1 Nanoparticles for drug delivery

The shortcomings of monotherapies are apparent, such as limited stability, nonspecific
tumor targeting ability, and severe side effects. It is well-known that the small molecule
chemotherapy always needs a high dose but with unfavorable pharmacokinetic
properties, such as rapid drug clearance, short circulation half-life, limited tumor
accumulation, and significant systemic toxicity. The realization of the goal could be
affected by some challenges, for instance, the design and preparation techniques and
the physicochemical and pharmaceutical properties (Figure 1.6),'° In addition, the
pharmacological and toxicity of NDCDS passive targeting of large nanoparticles by the
enhanced permeability and retention (EPR) effect is crucial for solid tumor targeting in
cancer nanomedicine. With the rapid development of modern nanotechnology,
nanoparticles have been investigated in a wide range of applications. The
biodegradable and biocompatible materials mostly form nanoparticles with droplet
sizes between 100 and 300 nm as carriers for encapsulating various agents such as
proteins, nucleic acids, peptides, and drugs for cancer therapy. Different formulations
containing drugs are proven to enhance the drug tumor accumulation, reduce the toxic
side effects, increase the antitumor efficiency, and overcome the drug resistance.®?
Liposomes® 8 micelles®®, polymers®, inorganic nanopatrticles, and polyplexes have
achieved excellent therapeutic effects in tumor treatments.?”- 8 There are several
formulations of lipid-based drug delivery systems have been approved by the US Food
and Drug Administration (FDA) and European Medicines Agency (EMA) to delivery
different drugs.8? %
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Figure 1.6. Schematic illustration of nano-drug co-delivery system (NDCDS) models: the
physicochemical and pharmaceutical properties, pharmacodynamic, and pharmacokinetic

profiles.®

1.3.2 Strategies for developing drug-loaded nanoparticles

One of the most significant challenges encountered when developing nanoparticle
delivery is their poor stability.® The formed nanoparticles generally need a stabilizing
environment to prevent aggregation and maintain high reactivity. A nanoparticle is not
a single component substance but a composite with a solid core surrounded by a
suitable surface chemical microenvironment. The stability of nanoparticles can be
affected by the size, the polarity of materials, the number of molecules coated on the
surfaces, the pH of the environment, and the solvent. When the nanoparticles are not
naked but rather coated with some ligands, they can be more stable by saturating the

dangling bonds and shielding them from the external environment.

The nanopatrticles encapsulating lipophilic anticancer agents can be self-assembled
from amphiphilic biodegradable block copolymers through different strategies to

encapsulate drugs, such as chemical conjugation of drugs, chemical crosslinking of

Pharmacological
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nanoparticles, and introduction of physical interactions (for instance, hydrogen bonding,
electrostatic interaction, and n-n stacking between the carrier and loaded drug). In
these ways, the drug loading efficacy was enhanced, and the stability was systemically

increased. 92

1.3.3 Strategies for nucleic acids delivery platforms

Many delivery systems are being developed to deliver gene products safely and
effectively. Non-viral vectors for gene delivery utilize natural or synthetic materials to
deliver the gene of interest to target cells. The compounds used to make non-viral
vectors do not elicit an immune response and are less toxic. Additional functionality of
non-viral vectors increases their specificity for target sites. They are relatively easy to
produce and can be used for repeated administration. There are mainly two different
strategies for the non-viral gene delivery system: inorganic and organic.

For the inorganic strategy, magnetic nanoparticles, gold nanoparticles, carbon
nanotubes, carbon quantum dots (CDs), and silica nanoparticles are mainly used for
gene delivery or as an emerging therapeutic tool due to their nanostructures’ size,
shape, and surface properties.®®% For instance, gold nanoparticles exhibit
photothermal properties, which are used in biomedical applications in different diseases
such as cancer.®® The surface of gold nanoparticles can be modified to improve their
stability and selectivity. The functionalized particles can be used for gene transfection
and silencing, targeted drug or gene delivery, intracellular detection, bioimaging, cancer
studies, and biosensors.®”%° Carbon quantum dots, possessing high brightness,
resistance to photobleaching, multiplexing capacity, and high surface-to-volume ratio,
are excellent candidates for intracellular tracking, diagnostics, in vivo imaging, and

therapeutic delivery.1

Organic materials mainly include cationic lipids and polymers that interact with
negatively charged nucleic acids. Lipid-based delivery strategy is one of gene delivery's
most attractive for non-viral vectors. These systems take advantage of the self-
assembling properties of amphiphilic lipids, such as phospholipids, to generate carriers
that protect nucleic acids. Lipoplexes are electrostatic complexes spontaneously
formed when liposomes composed of cationic lipids such as DOTAP interact with
negatively charged oligonucleotides.®* 01 However, liposomes are highly dynamic
systems that lack stability, which can significantly impact nucleic acid encapsulation,
causing the genetic material's release before it arrives at the site of action. Lipid

nanoparticles have become widely known vectors for delivering genetic material since
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the recent success of COVID-19 vaccines.l%% 103 These spherical vesicles are
composed of ionizable lipids, possessing a positive charge at low pH, allowing
interaction with nucleic acids through electrostatic forces and the endosomal escape
once cells internalize them. In addition, these lipids are neutral at physiological pH,
which reduces their toxicity and immunogenicity.* Moreover, lipid nanoparticles can
deliver CRISPR/Cas9 components to achieve clinically relevant levels of genome
editing in vivo, which is reported by Kalra et al.1% Polymer-based systems have also
been widely studied for the delivery of gene therapeutics. Positively charged polymers,
such as poly-ethylenimine (PEI) or chitosan, can form nanopatrticles, called polyplexes,
upon interaction with negatively charged nucleic acids.'% Lipoplexes and polyplexes
can achieve high in vitro transfection. However, their use in vivo is hindered by their
toxicity and immunogenicity.’®” The cationic lipid-based delivery systems have a
positively charged surface leading to interaction with negatively charged membranes
and proteins in the physiological environment. The positively charged surface
consequently prompts the recognition and uptake of these systems.

Since the development of lipids, most lipids consist of positively charged headgroups
that bind with the anionic phosphate groups of nucleic acids via electrostatic
interactions to form lipoplexes. Due to the self-assembling lipid tail structures,
lipoplexes are often present as liposomes, solid lipid nanoparticles, or lipid emulsions.
Compared with other carrier materials, lipids are biodegradable, less toxic, and can
incorporate hydrophilic and hydrophobic substances. For example, lipidoids are lipid-
like materials synthesized by conjugating amines with lipophilic acrylates, acrylamides,
or epoxide. The simple synthetic process makes it possible to evaluate an extensive
library of lipidoids with diverse structures.>® The screening test demonstrated lipidoids'
safety and efficacy in three animal models: mice, rats, and nonhuman primates. The
studies reported here suggest that these lipidoid materials may have broad utility for

both local and systemic delivery of RNA therapeutics.53

Critical issues of nucleic acid delivery via manufactured vehicles are (1) extracellular
stability by stable polyplex formation and shielding to avoid rapid decay, clearance, and
unspecific interactions, (2) specific target cell binding and uptake through receptor-
mediated endocytosis, (3) efficient endosomal escape and (4) release of the cargo in
the cytosol (Figure 1.7).198
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Figure 1.7. The nucleic acid delivery pathway of polyplexes: A) Formation of stable polyplexes,
B) avoidance of rapid clearance and unspecific interactions with blood components, and C)

receptor targeting, endocytosis, endosomal escape, and cytosolic cargo release.®®

With continuous developments of the advanced polymer synthetic and analytical
methods, the synthetic chemical requirements in the quest for optimized nanocarriers
become less challenging compared with the supramolecular nano assembly and,
predominantly, the design of the best, most relevant screening systems. In a nutshell,
screening in an artificial cell culture system will eventually yield the carrier system which

is most effective within these artificial conditions.

pH plays an essential role in many biological processes, including endosome/lysosome
maturation, protein and lipid metabolism, and tumor pathophysiology.1%® 11° The
advantages of intelligent, pH-responsive delivery systems can carry potent
therapeutics. For many biological processes, pH variations are minor from normal
physiological pH (7.4).111 12 For example, extracellular pH of tumors is reported to be

~6.8, and early endosomal pH is at 6.5. Various pH-sensitive polymers and
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nanoparticles have been developed for therapeutic delivery and imaging
applications.''® Small molecular or non-cooperative polymeric pH-sensitive systems
are not efficient in responding to these subtle pH differences, which prompted the
successful development of various intelligent materials with improved pH sensitivity and

response.

Synthetic polymers have been designed to enhance endosomal release through known
mechanisms buffering in acidic pH (proton sponge effect) and incorporation of
membrane-active peptides and alkylated carboxylic acid.'* 1> Gao and co-workers
developed ultra pH-sensitive (UPS) nanoparticles by introducing a hydrolytically active
polycarbonate backbone and the ionizable tertiary amines with different hydrophobic
substituents to improve the therapeutic efficiency.116-118 Coincidentally, VIPER material
reported by Pun et al. combines serum stable nucleic acid condensation with a pH-
sensitive display of a potent lytic peptide to achieve safe and highly efficient plasmid

and siRNA delivery in vivo.119 120

1.3.4 Cationic carriers synthesized by solid-phase synthesis

Cationic delivery systems require clear-cut structure-activity relationships to be drawn.
Therefore, a technique for obtaining polymers with a precisely defined sequence is
needed. A series of researchers have applied the well-established solid-phase-assisted
synthesis method to develop linear and branched peptide-based and lipid-based
nucleic acid carriers. Our lab developed a diverse platform facilitating the intracellular
transport of different cargos, like siRNA, proteins, and drugs.*? 121123 These
oligoaminoamides (OAAs, also called oligomers or oligoamides) consist of natural a-
amino acids, artificial amino acids, and fatty acids. Truebenbach and Steinborn et al.
have recently reported on the nanoparticle formation properties of cationic lipo-oligomer
1198 or 454 with the negatively charged drug MTX and various polyglutamylation
polyanionic MTX analogs and applied it for sSiRNA and MTX and siEG5 with PT

codelivery, respectively.

In recent years, many reports have demonstrated impressive progress in synthetic and
physicochemical aspects of macromolecules and expanded knowledge about the
intracellular bottlenecks in delivery. Thus, further refinement of polymeric carriers both
in design and accurate synthesis may play a tremendous role in future nucleic acid
therapeutics. The current development of stimuli-responsive formulations is directed
toward multifunctional nanomachines, which might be supported by physical forces
(such as near-infrared light, ultrasound, or magnetic fields) in a remote-controlled
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manner. Most importantly, evolutionary algorithms will have to be developed for
optimizing polymeric nanosystems for the actual disease targets and target locations
in the human patient. Dynamic bioresponsive polymers and sequence-defined
multifunctional polymers with different synthetic building blocks have been investigated
for the gene therapeutic delivery.1?%: 124,125 Synthetic lipids have been used to deliver
genes for a long time. Most lipids contain positively charged head groups that bind with
the anionic phosphate groups of nucleic acids via electrostatic interactions. The
hydrophobic alkane chain inserts and disrupts the membrane bilayer to form
lipopolyplexes. 2° Subsequent designs of ionizable amino lipids focused on improving
the potency of the pDNA, siRNA, and mRNA delivery. A structure-activity relationship
guided the synthesis and screening of many ionizable lipids with various linkers

connecting the amino group and the acyl chains.>? 126

D Polyplex e

Nucleus

ribosomes

Cytosol
Figure 1.8. Intracellular trafficking of non-viral nucleic acid polyplexes.

Sequence-defined polymerst?# 127. 128 can be prepared with high precision by solid-
phase synthesis (SPS) for different non-viral nucleic acid delivery (Figure 1.8). For
example, Schaffert et al. designed peptide-like polyaminoamides based on artificial
oligoamino acids.'?® By generating polymers with a defined structure in various
topologies (for example, linear, branched three-arm or four-arms, i-shapes, T-shapes,
u-shapes), clear-cut structure-activity relations could be made.'?%131 Kuhn et al.
demonstrated the delivery of Cas9/sgRNA ribonucleoprotein complexes via
hydroxystearyl oligoamino amides.'*2 Upon further optimization, including SPS
integration of shielding, targeting, and other functional units, it was realized soon that
the different specific cargos required different carrier sequences, for example, for
PDNA33 134 or sSiRNA delivery.
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2 Aim of the thesis

The recent development of a solid-phase synthesis platform for assembly sequence-
defined oligo(ethane amino)amides enables the quick and accessible synthesis of
cationic oligomers complexing and delivering nucleic acids.'®® Different shaped
oligomers were synthesized by introducing artificial amino acids based on the
diaminoethane motif of PEI, which is well known for its nucleic acid binding and
endosomal buffering abilities.'3¢ Additionally, SPS can introduce different functionalities
such as shielding, polyplex stabilization, and targeting into these oligomers. The three

aims of the thesis addressed in three main chapters were as described in the following.

The first main chapter of this thesis aimed at optimized formulations for co-delivering
chemotherapeutic MTX/PT. Combination chemotherapy is still an effective strategy in
cancer treatment nowadays. The main problems of this strategy are the limited tumor
accumulation, significant toxicity, rapid drug clearance from the bloodstream, and the
lack of target effect. By optimizing the nanoparticulate co-delivery of different
therapeutic drugs, the drawbacks of the chemotherapy had to be overcome, and
therapy efficiency should be increased with the targeted drug delivery system.
Derivatives of the antimetabolite MTX and cationic carriers had to be synthesized by
SPS. MTX was modified with more glutamic acids to increase the negative charge
intensity to strengthen the electrostatic interactions between cationic carriers and MTX
and its analogs. Meanwhile, the addition of stabilizing domains in the polyplexes should
help to stabilize the particles. The oligomers had to be designed to contain azide groups
for subsequent click-modification with FR ligands. This strategy was supposed to make

the synthetic polyplexes more effective on FR-overexpressing L1210 leukemia cells.

Aim of the second main chapter was to review novel strategies and technologies for
therapeutic nucleic acid delivery. The specific requirements for the various therapeutic
cargos were to be discussed. Furthermore, a conclusion on future directions, including
dynamic bioresponsive polymers as components of nanomachines, multifunctional
sequence-defined carriers for evolution-based selective optimization, and

organic—inorganic multicomponent nanoassemblies should be provided.

The third main chapter of this thesis had to synthesize a series of novel dialkylated lipo-
amino fatty acids and incorporate them into novel carriers for gene therapy. Recently,
the frequently researched non-viral vectors are polymers, lipids, inorganic particles, or
combinations of different types. Non-viral vectors are low in their cytotoxicity,

immunogenicity, and mutagenesis, attracting more researchers to explore the
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promising delivery system and move the gene therapy field forward. Nevertheless, to
improve gene transfer efficiency, specificity, gene expression duration, and safety, it is
significant to develop novel non-viral vectors. Lipidoids are lipid-like materials
synthesized by conjugating amines with lipophilic acrylates, acrylamides, or epoxide. It
is possible to do the screening of an extensive library of lipidoids with diverse structures
due to their simple synthetic progress. This chapter aimed at the synthesis of ionizable
domain tertiary amines with hydrophobic substituents (lipo-amino fatty acid) and
hydrophilic cationizable building blocks (such as Stp) into a defined combination
sequence by solid-phase synthesis. A new library containing such structures should be

developed for evaluation as effective nucleic acid carriers.
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3 Combination therapy of antitumoral drugs

This chapter introduces chemically designed artificial carriers for optimizing the efficient
co-delivery of two drugs (Pretubulysin and methotrexate).

3.1 Introduction

The previously reported beneficial properties of the drug combination PT+MTX were
evaluated in this chapter using novel carriers. PT and MTX (analogs) were co-
incorporated into a delivery system using the previously established lipo-
oligoaminoamide 1198 and its novel analog 1444 with six more tyrosines. The
cationizable oligomers, containing hydrophobic and hydrophilic segments,
spontaneously self-assemble into micellar structures in an aqueous solution. Four units
of the artificial amino acid succinoyl tetraethylene pentamine (Stp) serve as a
hydrophilic protonatable segment in 1198 or 1444. The Stp units, partially protonated
at physiological pH, can facilitate the polyelectrolyte complex (PEC) formation with
negatively charged cargo molecules, such as MTX, E2MTX, and E5MTX, via
electrostatic interaction. And the zwitterionic lipophilic PT interacts with oligomer
independently from PEC formation via hydrogen bonding, hydrophobic, or other
interactions. Upon cell uptake, additional protonation of the Stp units under acidifying
endosomal conditions promotes the escape of complexes out of these intracellular
vesicles. In addition to the ionic building blocks, lipo-oligomers contain two oleic acid
chains (OleA) and tyrosine tripeptide units which might serve as a further stabilizing
domain of the micellar structures by hydrophobic or aromatic 11-11 stacking interactions.
N- and C-terminal cysteines were shown to stabilize complexes due to their disulfide
crosslinking potential. As a helper lipid, cholesterol may act as another stabilizing
domain in nanoparticle formation. To improve the circulation and equip the delivery
system with targeting functionality, copper-free click chemistry was utilized to modify
the surface of the nanoparticles. The high ring strain of a cyclooctyne derivate facilitates
click reaction with an azide. The structures containing PEG of 24 ethylenoxide
monomers, targeting ligand folic acid, and two DBCO units were synthesized by SPS

and used to synthesize lipo-oligomers.
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3.2 Materials

3.2.1 Materials

The solvents, reagents and buffers used for the experiments are summarized in Table

3.1, Table 3.2, and Table 3.3.

Table 3.1 Solvents used for experimental procedures.

Chemicals and solvents (abbreviations) CAS-No. Manufacturer

Dichloromethane (DCM) 75-09-2 Bernd Kraft, Duisburg, Germany

N,N-Dimethylformamide (DMF) 68-12-2 IMis Biotech, Marktredwitz,
Germany

Chloroform 67-66-3 VWR Int. (Darmstadt, Germany)

Chloroform-d 865-49-6 Sigma-Aldrich, Munich, Germany

Ethyl acetate 141-78-6 Staub & Co. (Nurnberg, Germany)

Methyl-tert-butyl ether 1634-04-4  Brenntag (Mulheim/Ruhr,
Germany)

anhydrous DCM AcroSeal® 75-09-2 Acros Organics, Germany

Methanol 67-56-1 Fisher Scientific (Schwerte,
Germany)

Acetonitrile (ACN) 75-05-8 VWR Int. (Darmstadt, Germany)

Methanol-d3 1849-29-2 Sigma-Aldrich, Munich, Germany

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

Methanol anhydrous AcroSeal® 67-56-1 Acros Organics, Germany

Deuterium oxide 7789-20-0  EUrso-Top (Saint-Aubin Cedex,
France)

Water 7732-18-5 In-house purification

n-Heptane 142-82-5 Grussing (Filsum, Germany)

Table 3.2 Reagents used for experimental procedures.

Chemicals and solvents (abbreviations) CAS-No. Manufacturer
O-Benzotriazole-N,N,N’,N"- 94790-37-1 Multisyntech (Witten, Germany)
tetramethyluronium-hexafluoro-

4-[[(2,4-diamino-6-pteridinyl) methyl] 19741-14-1 Niels Clauson-Kaas A/S (Farum,
methylamino] benzoic acid Denmark)

Methotrexate (MTX) 59-05-2 Sigma-Aldrich (Munich, Germany)
Pretubulysin (PT) In-house synthesisl

HEPES 7365-45-9 Biomol (Hamburg, Germany)
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Phenol

Hydrazine monohydrate
Ninhydrin

Ammonia solution 25 %
Piperidine

Folic acid

Sodium hydroxide (anhydrous)
6- aminocaproic acid
4-aminobutyric acid
Triisopropylsilane (TIS)
Oleic acid

D-(+)-Glucose monohydrate

Benzotriazol-1-yl-oxy
tripyrrolidinophosphonium

1-Hydroxybenzotriazole (HOBLt)
N,N-Diisopropylethylamine (DIPEA)
Di-tert-butyl dicarbonate (Boc20)
Fmoc-Stp(Bocs)-OH building block
Fmoc-L-Lys(Fmoc)-OH
2-chlorotrityl chloride resin
Fmoc-L-Lys(Dde)-OH
Boc-L-Lys(Fmoc)-OH
Fmoc-L-Tyr(tBu)-OH

Cholesterol

Fmoc-OSu
Fmoc-N-amido-dPEGz12-acid
Fmoc-N-amido-dPEG2z-acid

Sephadex® G-10

Hydrochloric acid solution (1 M) (1 M
HCI)

108-95-2

7803-57-8

485-47-2

1336-21-6

110-89-4

59-30-3

1310-73-2

60-32-2

56-12-2

6485-79-6

112-80-1

28718-90-3

128625-52-5

2592-95-2

7087-68-5

24424-99-5

78081-87-5

42074-68-0

204777-78-6

84624-27-1

71989-38-3

57-88-5

82911-69-1

756526-01-9

756526-01-9

9050-68-4

7647-01-0

Sigma-Aldrich (Munich, Germany)

Merck Millipore (Darmstadt,
Germany)

Sigma-Aldrich (Munich, Germany)

Carl Roth (Karlsruhe, Germany)

Iris Biotech (Marktredewitz,
Germany)

Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich, Munich, Germany
TCIl, EUROPE N.V.

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Iris Biotech, Marktredwitz, Germany
Sigma-Aldrich, Munich, Germany
In-house synthesis

Iris Biotech, Marktredwitz, Germany
Iris Biotech, Marktredwitz, Germany
Iris Biotech, Marktredwitz, Germany

Iris Biotech, Marktredwitz, Germany

Iris Biotech (Marktredewitz,
Germany)

Sigma-Aldrich (Munich, Germany)

Iris Biotech (Marktredewitz,
Germany)

Quanta Biodesign (Powell, Ohio,
USA)

Quanta Biodesign (Powell, Ohio,
USA)

GE Healthcare (Freiburg, Germany)

Bernd Kraft, Duisburg, Germany
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Linear polyethylenimine (LPEI) 9002-98-6 In-house synthesis

(3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide) (MTT)

Trifluoro acetic acid (TFA)

1,2-Ethanedithiol (EDT)

298-93-1 Sigma-Aldrich, Munich, Germany
76-05-1 Iris Biotech, Marktredwitz, Germany

540-63-6 Sigma-Aldrich, Munich, Germany

Table 3.3 Buffers used for experimental procedures.

Buffer

Composition

10 mM HCI solvent for size exclusion
chromatography

Electrophoresis loading buffer

ACN buffer (0.1 %TFA) for High-performance
liquid chromatography (HPLC)

Water (0.1 %TFA)

HEPES buffered glucose (HBG)

Kaiser test solutions

693 mL water, 300 mL acetonitrile, 7 mL 1 M
HCI solution

6 mL glycerine, 1.2 mL 0.5 M EDTA solution (pH 8.0),
2.8 mL Hz20, 20 mg bromophenol blue

899.1 mL ACN, 0.9 mL TFA

899.1 mL water, 0.9 mL TFA

20 mM HEPES, 5 % glucose, pH 7.4

A: 80 % (w/v) phenol in EtOH; B: 5 % (w/v)
ninhydrine in EtOH; C: 20 uM KCN in pyridine (2 mL
of 1. mM KCN (aq) in 98 mL of pyridine)

3.2.2 Instrumentation used in solid-phase synthesis (SPS)

Automated parallel synthesis or synthesis supported with microwave irradiation was

carried out using a Biotage Syro Wave (Biotage, Uppsala, Sweden) peptide

synthesizer. Disposable polypropylene (PP) syringe microreactors with the volume size

2 mL, 5 mL, and 10 mL were purchased from Multisyntech (Witten, Germany). Iltwas

conducted with polytetrafluoroethylene (PTFE) filters. The recommended size of the

reactors was chosen according to the amount of resin. For manual solid-phase

synthesis, microreactors with polyethylene filters (Multisyntech, Witten, Germany) were

used. Reactions were carried out under steady shaking with an overhead shaker.
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3.3 Methods

3.3.1 General Synthesis of oligomers, MTX analogs, PEGylation reagents and
via SPS

3.3.1.1 Loading of a 2-chlorotrityl chloride resin with a Fmoc protected amino

acid

Typically, 2000 mg of 2-chlorotrityl chloride resin (1.56 mmol chloride) is pre-swollen in
anhydrous DCM in the 10 mL of syringe for 20 min, the DCM was then removed by
filtration. Dissolved the first Fmoc protected amino acid (e.g. Fmoc-L-Lys(Dde)-OH 0.3
eq, with DIPEA 3 eq) dissolved in anhydrous DCM and added to the resin for reaction
for 75 min. The reaction solvent was drained and a capping solution consisting of
DCM/MeOH/DIPEA (4 mL DCM, 3 mL MeOH and 500 pL DIPEA per 1000mg of resin)
was added to the resin for 60 min to transform residual free chlorides into unreactive
methoxy ethers. After removal of the reaction mixture, the resin was washed 3 times
with DMF and 3 times with DCM. The resin was dried under the vacuum, and then
weighed 5-10 mg of the resin for 3 eppes to determine the loading efficiency of the
resin. 1 mL Fmoc deprotection solution (20 % piperidine in DMF, v/v) was added to
each sample and incubated for 75 min at 700 rpm, 25 °C. The samples were then
vortexed and got the beads to settle down. The 25 uL of reaction solution supernatant
was diluted with 975 uL of DMF, and 25 pL of Fmoc deprotection solution diluted in 975
ML of DMF was used as blank control, the absorption of the dilution was measured by
a Genesys 10S UV-vis photometer (Fisher Thermo Scientific, U.S.A.) at 301 nm. The
loading of each sample in the eppes was then calculated according to the following
equation: resin load [mmol g*] = (Ax 1000)x (m [mg] x 7800x df)* with df as dilution
factor. The average of three values gave the respective resin loading efficiency. The
remaining resin was treated 3 times with Fmoc deprotection solution to remove the
Fmoc protection group. The reaction progress was monitored by Kaiser test. The resin
was washed with 3 times of DMF, 3 times of DCM after each coupling step and

deprotection step. Afterwards, the resin was dried in vacuo and stored at 4°C.
3.3.1.2 Procedure of manual coupling steps via solid phase synthesis

After pre-loading the resin with the first building block as described in 3.3.1.1 and
swelling it in in 10 mL/g resin DCM for 30 minutes, a cycle of iterative coupling and
deprotection steps with the respective building blocks was carried out until the final
desired structure was obtained which was then cleaved from the resin. If not stated
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otherwise, coupling steps were generally performed with 4 eq Fmoc-building block-OH,

8 eq DIPEA, 4 eq PyBOP and 4 eq HOBt. The respective molar amount of free amine
present on the resin beads was regarded as 1 eq, whilst an identical excess of HOBt
and PyBOP was used for preactivation, DIPEA was added with an eightfold excess
(also related to free amines). In case of structures synthesized manually, the activating
reagents HOBt and PyBOP were dissolved in 5 mL of DMF/g of resin and the Fmoc
protected amino acid/the building block was dissolved in 5 mL of DCM/g of resin with
the addition of corresponding amount of DIPEA. It is worth mentioning that for synthetic
approaches utilizing the automated synthesizer, DCM was replaced with NMP.
Routinely coupling time was chosen as 1 h, using an overhead shaker for steady
shaking. After each coupling step (as well as after each step of deprotection), three
washes with DMF and with DCM (10 mL/g of resin) were carried out. 20 % (v/v)
piperidine/DMF was applied for Fmoc-removal four times per 10 min by default (10
mL/g resin). Coupling and deprotection were verified by testing for free amines
qualitatively using Kaiser test. If the result was unsatisfying the previous coupling or
deprotection step was repeated. After a completed cycle (coupling and deprotection,
with washing steps in between), the procedure was repeated until the desired oligomer
is obtained. After the last coupling, the resin was dried, and cleavage conducted.
Synthesis conditions for manual synthesis are summarized in Table 4 and synthesis is
displayed schematically in Scheme 2.1. Moreover, to avoid the stearic hinderance of
bulky building blocks, the building block solutions were supplemented with Triton X-
100, leading to a final concentration of 1 % (v/v) in DMF and 1 % in DCM. Deprotection
was carried out with 20 % piperidine/DMF, supplemented with 1 % Triton X-100, for 3 x

15 min.

. o : , -
Preswelling I-D Coupling: - ( Wash: ->| Kaiser Test |+ Deprotection: |- Wash: ->| Kaiser Test |+ Cleavage:
3x DMF 3x DMF 94% TFA

4eq Amino acid 20% Piperidin

deq PYBOP 3x DCM in DMF 3x DCM 2.5% EDT
4eq HOBt 2.5% H,0
8¢q DIPEA 1L0% TIS
60 min 1 min each 4x10 min 1 min each 90 min
! ®

Scheme 2.1. lllustration of a manually conducted solid phase synthesis cycle.
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Table 3.4 General steps of a manually conducted synthesis cycle.

Step Description Solvent Volume Time
1 Coupling DCM/DMF 50/50 10 mL/g resin 75 min
2 Wash DMF and DCM 10 mL/g resin 3 times each
3 Kaiser test Kaiser test solutions 2 drops of each 2 min
4 Fmoc deprotection 20 % piperidine/DMF 10 mL/g resin 3 x 15 min
5 Wash DMF and DCM 10 mL/g resin 3 times each
6 Kaiser test Kaiser test solutions 2 drops of each 3 min

3.3.1.3 Kaiser test

Free amines of deprotected amino acids on the resin were determined qualitatively by
the Kaiser test.13” Briefly, a small sample of DCM washed resin was taken into an
Eppendorf reaction tube, 2 to 3 drops of each reagent A, B and C solution were added

to the test tube. The tube was heated at 99°C for 1-3 min under shaking and compare

the color with the following reference: colorless or faint blue colorless (©): complete

coupling, proceed with synthesis. A deep blue color (®) indicated the presence of free

amines, proceed with deprotection or coupling incomplete.
3.3.1.4 Procedure of an automated solid phase synthesis

For the long sequence of oligomers or the large number of beads, automated solid
phase synthesis was used. After amino acid loading and Fmoc removal, automated
synthesis also follows a repetitive cycle of coupling, washing, deprotection, washing
after the deprotected resin is preswelled. Nevertheless, compared to manual synthesis,
severalsteps required optimization. Firstly, during automated synthesis, all washing
steps were conducted with the system liquid DMF (5 x 1 min). Also, within automated
synthesis, special reactors had to be used and DCM, as a volatile solvent, was replaced
by NMP. During coupling, PyBOP was replaced by HBTU, providing improved stability
of the activation reagent in solution within syntheses. Since the automated synthesis
does not offer the opportunity to separate resin samples for the Kaiser test, improved
coupling conditions and extended deprotection steps were applied. Briefly, during
automated synthesis, coupling steps were conducted twice. The calculated 4 eq Fmoc-
protected amino acid on the resin was dissolved together with 4 eq. of HOBt in NMP, 4

eg activation reagent HBTU dissolved in DMF, and 8 eq. of DIPEA in NMP were set up
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in separate bottles.

3.3.2 General description of cleavage conditions

3.3.2.1 General cleavage of oligomers

After the desired coupling steps, in order to maximize the yields, all resins were dried
completely under high vacuum prior to cleavage. This following protocol for cleavage
was applied for the T-shaped oligomers containing unsaturated oleic acid (OleA). The
structures were cleaved from resins with a mixture of TFA/ EDT/ TIS/ H20 (94: 2.5: 2.5:
1, vIv), the cleavage solution was dosed according to the amount of resin. To avoid the
destroy of unsaturated acid OleA, after 30 minutes of incubation under agitation, the
cleavage solution was concentrated by nitrogen flow, and then oligomers were
precipitated dropwisely in 40 mL of pre- cooled cocktail MTBE—n-hexane (1: 1, v/v).
After precipitation, the tube was shaken vigorously, centrifuged (10 min, 4°C, 4000 rpm,
Megafuge 1.0R, Heraeus, Hanau, Germany) and the supernatant removed. The
obtained pellets were dried under nitrogen flow. Afterwards, the T-shape oligomers
were purified by size exclusion chromatography (SEC) using an Akta purifier system
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden), a Sephadex G-10 column and
10 mM hydrochloric acid (HCI), dissolved in 30 % acetonitrile in water (v/v), frozen in
liquid nitrogen and freeze-dried (Christ Alpha 2-4 LD plus, Martin Christ
Gefriertrocknungsanlagen GmbH, Osterode, Germany). The relevant fractions were
lyophilized, obtaining HCI salts of all oligomers. Purity was evaluated and confirmed by
MALDI-TOF-MS and *H-NMR.

3.3.2.2 Cleavage and purification of DBCO containing reagents

Due to the acid sensitive nature of DBCO, the complete solid-phase synthesis of
DBCO-bearing agents is only possible if a certain concentration of TFA in the cleavage
cocktail is not exceeded. For this reason, the cleavage is performed at only 5 % of TFA
and protecting groups can only be used if they can be deprotected under these mild
conditions. The cleavage of the structures off the resin was performed by incubating
the dried resin with DCM: TFA: TIS (92.5: 5. 2.5) for 60 min followed by immediate
precipitation in 40 mL of pre-cooled MTBE: n-hexane (1: 4). The precipitate was then
dissolved in 0.05 M NaOH solution. The pH was adjusted to 7 and the structure was
purified by dialysis with a 1000 Da cut-off membrane against deionized water. The
obtained DBCO reagents were lyophilized.
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3.3.3 Synthesis of oligomers and functional ligands

3.3.3.1 Synthesis of T-shape oligomers 1198 and 1444

1198 and 1444 both were synthesized using a 2- chlorotrityl resin preloaded with the
first C-terminal amino acid cysteine (C). The sequence (N->C) of 1198: C(Trt)-[Y(tBu)]s-
[Stp (Boc)s]2-K(Dde)-[Stp(Boc)s]2-[Y(tBu)]3-C(Trt) and the sequence (N->C) of 1444:
C(Trt)-[Y(tBu)]s-[Stp(Boc)s].-K(Dde)-[Stp(Boc)s]2-[Y(tBu)Je-C(Trt) were synthesized via
SyroWave™ synthesizer (Biotage, Uppsala, Sweden) separately. Coupling steps were
carried out as described herein before. All further synthesis steps were performed
manually under standard Fmoc solid-phase peptide synthesis conditions using syringe
microreactors. Coupling steps were carried out using 4 eq. of Fmoc-protected amino
acid and 8 eq. DIPEA in DCM, 4 eq. PyBOP and 4eq. HOBt in DMF (DMF/DCM 1:1,
v/v; 10 mL g resin) for 75 min. Fmoc deprotection was accomplished by 3 x 15 min
incubation with 20 % piperidine in DMF. The resin was washed with DMF 3 times and
then DCM 3 times after each coupling and deprotection step, followed by a Kaiser Test.
Fmoc-Lys(Ns)-OH was coupled to the backbone and after the removal of the Fmoc
protecting group, the N-terminal NH2-group was protected with 10 eq Di-tert-butyl
dicarbonate (Boc anhydride) and 10 eq DIPEA in DCM. Dde-deprotection protocol was
accomplished by using Dde-deprotection solution (2 % hydrazine in DMF, v/v, 15 x 2
min). Afterwards, the resin was washed with DMF5 times, with 10 % DIPEA in DMF 5
times and then with DCM 3 times (10 mL g* resin). A symmetrical branching point was
introduced using Fmoc-Lys (Fmoc)- OH. In the final coupling step oleic acid was
coupled to produce lipo-oligomer 1198. It is worth mentioning here that for the two of
free amines at the branching point, two-fold of normal equivalent of Fmoc-protected
amino acid and activating agents. The lipo-oligomer was cleaved off the resin using the
optimized cleavage protocol for oleic acid containing structures. TFA cleavage
condition (TFA/ EDT/ TIS/ H20 = 94: 2.5: 2.5: 1, v/v) with pre-cooling to avoid
hydroxylation of the oleic acid double bonds. Lipo-OAA 1198 and 1444 was then
purified by size exclusion chromatography (SEC) using a Akta purifier system (GE
Healthcare Bio- Sciences AB, Uppsala, Sweden), a Sephadex G-10 column (60 cm)
and 10 mM hydrochloric acid solution: acetonitrile (7:3) as solvent. The lipo-oligomer
1198 was lyophilized. The identity of the synthesized structures was confirmed by

MALDI mass spectrometry and *H NMR.
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3.3.3.2 Solid phase syntheses of MTX analogs E2-MTX and E5-MTX

After swelling the preloaded resin Fmoc-Glu-OtBu (loading efficiency is 0.25 mmol/mg),
the structures were synthesized manually under standard Fmoc solid-phase peptide
synthesis conditions using syringe microreactors. Briefly, Fmoc-L-Glu-OtBu was
coupled stepwise to the deprotected a - amine of the loaded resin using 4 eq. Fmoc-L-
Glu-OtBu and 8 eq. DIPEA in DCM, 4 eq. PyBop 4 eq and HOBt in DMF and a coupling
time of 90 minutes under agitation. After each coupling step, the resin was washed (3
x DMF, 3 x DCM) and the absence of remaining free amines determined by Kaiser test.
Upon a negative Kaiser test indicating complete coupling, the resin was Fmoc-
deprotected with 3 x 15 min Fmoc deprotection solution, subsequently, washed with 3
x DMF and 3 x DCM. For E2-MTX, a total of two additional Fmoc-L-Glu-OtBu coupling
steps was performed, whereas a total of five additional Fmoc-L-Glu-OtBu coupling
steps took place for the synthesis of E5-MTX. For both structures, in the last coupling,
4-[[(2,4-diamino-6-pteridinyl) methyllmethylamino] benzoic acid was dissolved in the
mixture of 1:1 NMP/ DMSO solution with 8 eq DIPEA reacting for 90 min under
agitation. After subsequent washing with 3 x DMF and 3 x DCM, the resin was fully
dried under vacuum. The peptide was then cleaved under agitation in the cleavage
condition TFA/ TIS/ H20 95: 2.5: 2.5. The reactor was washed with 1 mL of TFA, and
the combined eluate was collected in a flask and concentrated under nitrogen flow. The
obtained flaky yellowish product was dissolved in 10 mL of 25 % (v/v) acetonitrile in
water, frozen in liquid nitrogen and freeze - dried (Martin Christ, Osterode am Harz,

Germany) over 2 days. Successful synthesis was confirmed by MALDI-TOF-MS.

3.3.3.3 Synthesis of bisDBCO-PEG-FolA (or E4-FolA) agents for polyplex post-

modification

After swelling the preloaded resin Fmoc-L-Lys (Dde)-OH or Fmoc-N-amido-dPEG24-
acid, the structures were synthesized manually under standard Fmoc solid-phase
peptide synthesis conditions using syringe microreactors. Coupling steps were carried
out using 4 eq Fmoc-amino acid, 8 eq. DIPEA in DCM, 4 eq. PyBop 4 eq and HOBt in
DMF (DCM/DMF 1: 1) for 90 min. Fmoc deprotection was processed by 3 x 15 min
incubation with 20 % piperidine in DMF. A washing procedure comprising 3 x DMF, 3
x DCM incubation and a Kaiser test were performed after each coupling and
deprotection step. In case of folate targeted structures, folic acid was first synthesized
by coupling of Fmoc-Glu-O-2-PhiPr at a Lys (Dde)-loaded resin followed by N10-

(trifluoroacetyl) pteroic acid (dissolved in DMF only), whereas a total of four additional
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Fmoc-L-Glu-OtBu coupling steps took place for the synthesis of bisDBCO-PEG-E4-

FolA. Dde-deprotection was then performed 15 x 2 min with in a 2 % hydrazine in DMF
solution (v/v). The reaction solvent was drained, and fresh solution was added again.
Afterwards, the resin was washed with 5 x DMF 5 x 1 min 10 % DIPEA/DMF and 3 x
DCM. For the deprotection of the trifluoroacetyl-group of pteroic acid the resin was
treated with 25 % aqueous ammonia solution: DMF (1: 1) four times for 30 min. After
each deprotection cycle, the resin was washed with DMF. Then, Fmoc-dPEG24-OH
was coupled. For the synthesis of bisDBCO-PEG24 structures, the branching points
was introduced using Fmoc-Lys (Fmoc)-OH. Finally, 6 eq DBCO acid were coupled
using 12 eq DIPEA and 12 eq PyBOP in DCM/DMF. After completion of the reaction,
the resin was washed with DMF and DCM and dried in vacuo. The dried resin with
DCM: TFA: TIS (92.5: 5: 2.5) for 60 min followed by immediate precipitation in 40 mL
of pre-cooled MTBE: n-hexane (1: 4). The precipitate was then dissolved in 0.05 M
NaOH solution. The pH was adjusted to 7 and the structure was purified by dialysis
with a 1000 Da cut-off membrane against deionized water. The obtained DBCO

reagents were lyophilized.
3.3.3.4 Synthesis of bisDBCO-PEG-GE11 agents for polyplex post-modification

For the synthesis of bisDBCO-PEG24-GE11, a 2-chlorotrityl resin was preloaded with
Fmoc- lle-OH, the first C-terminal amino acid of the GE11 sequence. After deprotection,
the GE11 sequence was completed via automated SPS. After the final automated
deprotection step, Fmoc-dPEG24-OH was coupled manually under the conditions
described above, and the branching points was introduced using Fmoc-Lys (Fmoc)-
OH. To avoid the stearic hinderance, after the branched Lys coupling, the Fmoc-
STODTA-OH was coupled with the general coupling conditions. In the final coupling
step, 6 eq DBCO acid were coupled using 12 eq DIPEA and 12 eq PyBOP in DCM/DMF
(1: 1). After the completion of the reaction, the resin was washed with DMF and DCM
and dried in vacuo. The dried resin with DCM: TFA: TIS (92.5: 5: 2.5) for 60 min followed
by immediate precipitation in 40 mL of pre-cooled MTBE: n-hexane (1: 1). The
precipitate was then dissolved in 0.05 M NaOH solution. The pH was adjusted to 7 and
the structure was purified by dialysis with a 2000 Da cut-off membrane against
deionized water. The obtained DBCO reagent was lyophilized, the successful coupling
reaction was confirmed via MALDI-MS and analytical HPLC.

3.3.3.5 Synthesis of cy5-labeled oligomer 1198

The azide-containing oligomer 1198 can be labeled using Cy5-NHS ester by the
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conjugation of the free amine at the end of N-terminus of 1198 with NHS ester.

Oligomer 1198 were dissolved in 0.5 mL of HEPES buffer (pH 7.4), then to avoid the
oxidation of Cys-SH group to disulfide, the mixture solution was bubbled for removing

air under the argon gas. The pH of solution was then adjusted to 8 using 1 M NaOH
with keeping argon bubbles. The label can change the properties of oligomers because
the difference of N-terminus; therefore, not every azido oligomer needs to be labeled,
0.5 equivalents of Cy5-NHS ester (the ratio to the free amine) was dissolved in DMSO
and added to the lipo-oligomer solution. After 4 h reaction time at room temperature,
the 1198-Cy5 conjugate will be purified by dialysis under the argon condition at 4°C.
Afterwards, the solution was lyophilized, blue powder was obtained, and the successful
labeling reaction was confirmed by MALDI-TOF-MS.

3.3.4 Analytical methods
3.3.4.1 MALDI-TOF mass spectrometry

The MALDI-TOF mass spectrometry matrix solution contains 10 mg/mL Super-DHB
(90/10 m/m mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic
acid) in 69.93/30/0.07 (v/v/v) H20O/acetonitrile/trifluoroacetic acid. 1 pL of matrix solution
was spotted on an MTP AnchorChip (Bruker Daltonics, Germany). After crystallization
of 1 uL matrix solution, 1 pL of sample solution (1 mg/mL in water) was added onto the
matrix spot. Samples were analyzed using an Autoflex Il mass spectrometer (Bruker

Daltonics, Germany). All spectra were recorded in positive ion mode.
3.3.4.2 Proton 'H NMR spectroscopy

Proton "H NMR spectroscopy spectra were recorded using an Advance |1l HD 400 MHz
Bruker BioSpin (400 MHz) with CryoProbe™ Prodigy probe head. All spectra were
recorded without TMS and chemical shifts were calibrated to the residual proton signal
of the solvent and are reported in ppm. The spectra were analyzed using MestreNova

(MestReLab Research). Integration was performed manually.

3.3.4.3 Analytical reversed-phase high performance liquid chromatography (RP-
HPLC)

Reversed-phase HPLC (RP-HPLC) was carried out with a VWR-Hitachi Chromaster
5160 Pump System (VWR, Darmstadt, Germany), VWR-Hitachi Chromaster 5260
Autosampler (VWR, Darmstadt, Germany) and a Diode Array Detector (VWR-Hitachi
Chromaster 5430; VWR, Darmstadt, Germany) at 214 nm detection wavelength. As a
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column either a YMC Hydrosphere 302 C18 (YMC Europe, Dinslaken, Germany) or a
Waters Sunfire C18 (Waters, Saint-Quentin en Yvelines Cedex, France) was used. A
gradient starting at 95: 5 (water / acetonitrile) to 0: 100 within 20 min was applied. All

solvents were supplemented with 0.1 % trifluoroacetic acid.
3.3.4.4 UV-Vis Spectroscopy

UV-vis absorbance spectra were recorded using a V-630 spectrophotometer (Jasco)
with water being the solvent.

3.3.4.5 ESI mass spectrometry

The testing samples were dissolved in CHCIs to a concentration of 1 mg/mL.
Electrospray ionization (ESI) mass spectrometry was carried out using a Thermo
scientific LTQ FT Ultra Fourier transform ion cyclotron and an lonMax source. Data is
shown after positive ionization as (M+X). Samples were kindly processed by Dr.
Werner Spahl from the analytical core facility at the Department of Chemistry, LMU

Munich.

3.3.5 Preparation of 1198 MTX and PT nanomicelles

The T-shape lipo-oligomer 1198 was dissolved in HEPES-buffered glucose (HBG, 20
mM HEPES, 5 % glucose [w/w], pH 7.4) at a concentration of 3 mM. PT and MTX were
dissolved in 10 % DMSO separately, and the solutions were diluted with 90 % HBG at
a stock concentration of 10 mM. The drug solution was further diluted with HBG to final
concentrations of 1 mM for MTX and 0.5 mM PT. The nanomicelle was formed by
adding an equal volume of drug solution PT+MTX (0.5 mM, 1 mM) to the oligomer
solution (3 mM), and the solution was mixed by vigorous pipetting. This resulted in final
concentrations of 250 pM PT, 500 pM MTX and 1.5 mM lipo-oligomer 1198 in the
nanoparticle. Nanomicelles started to form immediately. The ratios of oligomer to drug
concentrations were optimized and their effects on particle formation are investigated

as described below.

3.3.6 Formation of d E2-MTX or E5-MTX and 1198 nanoparticles

For these nanoparticles consisting of MTX analogs E2-MTX and E5-MTX formulation,
E2-MTX and E5-MTX were separately dissolved in 10 % DMSO and diluted with HBG
solutions containing 20 mM HEPES to a final concentration of 1 mM. Pretubulysin (PT)
was dissolved in 10 % DMSO and diluted with 90 % HBG and further diluted to a final

concentration of 0.5 mM. The drug solution was prepared by adding equal volume of
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E2-MTX or E5-MTX and PT, then the mixture drug solution was added to equal volume

of the prepared 3 mM of 1198 solution to result in a final concentration of 250uM PT,
500 puM E2 or E5-MTX and 1.5 mM 1198. The solutions containing 1198 with drugs
were mixed by pipetting up and down (approximately 10 times), the nanoparticles

formed, and then further incubated for 45 min at room temperature.

3.3.7 Formation of MTX or E2-MTX or E5-MTX and 1198 or 1444 nanoparticles

with the addition of cholesterol

For this, the MTX and MTX analogs solutions were prepared as described herein before.
The powder cholesterol was dissolved in ethanol to a stock solution concentration of
15 mM. Lipo-oligomer 1198 was dissolved in ethanol at a concentration of 3 mM. The
oligomer 1198 solution was mixed with cholesterol at the volume ratio of 1198/
Cholesterol 5/1 to result in an equal molar concentration of solution. For instance, the
100 pL mixture solution was the concentrated by a rotary concentrator to remove some
ethanol and resulted in a 10 pL solution. The solution was diluted to a concentration of
3 mM of 1198 and further mixed with the MTX/PT drug solution, the final concentrations
of 250 uM PT, 500 uM MTX and 1.5 mM lipo-oligomer 1198 with 50 % molar ratio of
Cholesterol in the nanoparticle were produced. The nanoparticles were formed and

then further incubated for 45 min at room temperature.

3.3.8 Post-modification with PEGylation reagents

For post-modifying 1198 or 1444 drug nanoparticles with click agents bisDBCO-PEG24,
bisDBCO-PEG24-FolA and bisDBCO-PEG24-E4-FolA, drug solutions and oligomers
with/without cholesterol solutions were mixed and incubated for 20 min to form the core
polyplex. Then PEGylation reagents were added in % of the volume of the polyplex
solution, the concentration of the solution was calculated according to the respective
equivalents (eq). Equivalents represent the molar ratio of shielding agents to oligomers
in the polyplex solution. All polyplexes were modified with 0.5 eq. of click agent. The

polyplex solution was gently mixed and further incubated 4 h.

3.3.9 Measurements of particle size and zeta potential

To confirm the formation of antitumoral drugs nanoparticles and to determine particle
size and zeta potential, the freshly prepared polyplexes according to the formation
protocol of nanoparticles were measured by dynamic laser-light scattering (DLS) using
a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). Nanopatrticle solution
(65 pL) contained 250 uM PT, 500 uM MTX and 1.5 mM lipo-oligomer 1198 with 50
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% molar ratio of cholesterol was transferred to a capillary cell (DTS1070) and

measured. For size measurements, the equilibration time was 0 min, the temperature
was 25°C and an automatic attenuator was used. The refractive index of the solvent
was 1.337 and the viscosity was 1.0336 mPa x s. Each sample was measured three
times runs with 13 subruns. For Zeta potential (ZP) measurements, 65 pL of each
sample was diluted to 800 pL with 20 mM HEPES pH 7.4 buffer. The zeta potential is
displayed as average (mV) of three runs with up to 15 sub-runs each.

3.3.10 Transmission electron microscopy (TEM) of polyplexes

Samples were prepared in HBG as described in paragraph 2.2.7 and 2.2.8, polyplexes
contained 250 pM PT, 500 pM MTX and 1.5 mM lipo-oligomer 1198 with 50 % molar
ratio of cholesterol. Transmission electron microscopy (TEM) images were taken by
Ozgur Oztirk (Pharmaceutical Biotechnology, LMU Miinchen). The formvar/carbon-
coated 300 mesh copper grids(Ted Pella Inc., Redding, CA, USA) were activated by
plasma cleaning (420 V, 1 min, argon atmosphere). Afterwards, 5 pL of nanomicelle
solution were incubated on the grids for 3 min before it was removed and stained by a
1.0 % uranyl formate solution according to the following procedure: First, 5 pL uranyl
formate solution was placed on the grid and removed immediately, second, 5 L of the
same solution were left on the grid for five seconds before removal. Afterwards, the grids
were dried for 30 min at room temperature. The stained nanomicelles were visualized

by a JEM/1011 transmission electron microscope with 80 kV acceleration voltage.

3.3.11 Drug incorporation efficiency

The drug Incorporation efficiency was determined by ultrafiltration of nanoparticles and
subsequent HPLC analysis of the filtrate. Nanoparticles were formed in HBG solution
(1198 PT+MTX: 250 uM PT, 500 uM MTX and 1.5 mM 1198 with cholesterol). Amicon
Ultra- 0.5 mL (Ultracel 3 K) centrifugal filters were used according to the manufacturer’'s
protocol. The filters were pre-rinsed and washed with 200 pL of Millipore water 3 times.
The 140 pL of prepared nanoparticle solution in HBG was added to the ultrafilter, the
filled device was inserted into a microcentrifuge tube and centrifuged at 18 000 g for 30
min. The 90 pL of each filtrate was injected and analyzed by HPLC (C- column, YMC
column, HS-302, HS12S05-1546WT, 150 x 4.6 mm 1.D., S-5 um, 12 nm, YMC Europe
GmbH, Dinslaken, Germany) with a gradient of 5 % to 100 % acetonitrile with 0.1 %
TFA in 20 min. Unincorporated drugs PT and MTX were filtrated from the filter and can
be detected at 214 nm. Incorporation efficiency was calculated by comparing the peak

areas of ultrafiltered, incorporated drug to the peak areas of ultrafiltered free drug. All
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experiments were performed in triplicates.

3.3.12 Polyplex stability in the presence of in HBG, 154 mM NaCl and FBS

The stability of drug incorporation in 1198 PT+MTX with cholesterol nanomicelles
incubated in HBG, 154 millimolar sodium chloride (154 mM NaCl, same as
physiological saline) and 10 % - 50 % FBS in HBG was determined at different
temperatures and incubation time points. Drug polyplexes were prepared in HBG as
previously described (1198 PT+MTX: 250 uM PT, 500 uM MTX and 1.5 mM 1198 with
50 % molar ratio of cholesterol). Particle solution (70 uL) was added to the equal volume
of respective incubation medium (HBG, 308 mM NaCl and 20- 100 % FBS in HBG).
After incubation at room temperature or 37°C in a shaker for 1 h or 12 h, nanomicelles
were ultrafiltered at 18 000 g for 30 min. Depending on the incubation medium, filtration
devices with different cut-offs were used. Amicon Ultra 0.5 mL (Ultracel 3 K) were used
to measure drug release upon incubation in serum- free HBG or NaCl solution. Due to
interactions of PT and FBS components, 100 K cut off filtration devices (Amicon Ultra-
0.5 mL, Ultracel 100 K) were used in case of FBS containing solutions. Control
experiments demonstrated that MTX or PT, only if released from nanomicelles, would
be detectable in the filtrates in both settings. T The 90 pL of each filtrate was injected
and analyzed by HPLC (C- column, YMC column, HS-302, HS12S05-1546WT, 150 x
4.6 mm I.D., S-5 pym, 12 nm, YMC Europe GmbH, Dinslaken, Germany) with a gradient
of 5 % to 100 % acetonitrile with 0.1 % TFA in 20 min. Unincorporated drugs PT and
MTX were filtrated from the filter and can be detected at 214 nm. The amount of
released drug upon incubation was determined for MTX and PT and calculated in
relation to free PT+MTX which was incubated under the same conditions. All

experiments were performed in triplicates.

3.3.13 Cell culture

Cell culture work was carried out by Mina Yazdi (Pharmaceutical Biotechnology, LMU
Minchen). Cell culture media, antibiotics, and fetal bovine serum (FBS) were
purchased from Invitrogen (Karlsruhe, Germany), Sigma Aldrich (Munich, Germany) or
Life Technologies (Carlsbad, USA). L1210 (Mouse lymphocytic leukemia cells) cells
were cultured with RPMI-1640 (+/- folate) were supplemented with 10 % FBS, 4 mM
stable glutamine, 100 U/mL penicillin and 100 yg/mL streptomycin. Cell lines were

cultured at 37°C and 5 % CO:z2 in an incubator with a relative humidity of 95 %.

Exponentially growing cells were detached from the culture flasks using Millipore water,

supplemented with 0.05 % trypsin-EDTA (Invitrogen, Karlsruhe, Germany), and
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followed by resuspension in the required culture media. Cell suspensions were seeded

at the desired density for each experiment. Luciferase cell culture lysis buffer and D-
luciferin sodium salt was purchased from Promega (Mannheim, Germany).

Table 3.5. Overview of the used cell lines and corresponding culture media.

Cell line Description Medium

L1210 Mouse lymphocytic leukemia cells RPMI-1640, +/- folate

3.3.14 Cell viability assay (MTT)

L1210 cells were seeded at density of 5000 cells/well 4 h before treatment. After the
desired incubation times with polyplexes, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT, 10 pyL, 5 mg/mL in PBS) was added to each well
and cells were incubated for 2 h. For cell lysis of L1210 cells, a solution of 10 % sodium
dodecyl sulfate (SDS) in 0.01 M hydrochloric acid (HCI) was added to each well and
incubated overnight. The absorption was measured at a wavelength of 590 nm against
a reference wavelength of 630 nm using a SpectraFluor™ Plus microplate reader
(Tecan, Groedig, Austria). Cell viability was calculated as percentage of absorption
compared to wells treated with HBG only. All experiments were performed in triplicate.
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3.4 Results and discussion

3.4.1 Design and evaluation of sequence-defined oligoaminoamide copolymer
for targeted combination chemotherapy

It is well recognized today that chemotherapy is a crucial modality in today’s clinical
oncology practice, and anticancer drugs are often most effective when used in
combination. There are still some problems, such as limited efficacies and poor safety
and resistance profiles,'3® despite major spending on research and development and
technological advances.'3® Synergistic and potentiation drug combinations have been
explored to achieve several favorable outcomes: enhanced efficacy, reduced or

delayed drug resistance, and decreased dosage at equal or increased efficacy.

The previous study in our working group has reported that the combination of two low-
dose drugs, Pretubulysin and Methotrexate, has effective tumor treatment in vivo.?®
Pretubulysin (PT), a natural product-derived compound, has been a potent tubulin-
binding drug. PT disrupts the microtubule network at nanomolar concentrations. It
abrogates proliferation and long-term survival and induces apoptosis in invasive tumor
cells equally potent to tubulysin. Due to these potencies, PT is a possible candidate for
cancer therapy.?: 27 42 Methotrexate (MTX), a chemotherapy agent and immune
system suppressant binds to the folic acid’s target enzyme dihydrofolate reductase
(DHFR). It is well established in cancer therapy.'*° Compared to some small molecules,
the formulated polyplexes exhibit improved structural stability and facile
functionalization, whereas the delivery system remains challenging to fabricate
codelivery polymeric vesicles possessing encapsulation stability and structural stability
in blood circulation and synchronized corelease features triggered by specific

pathological milieu.'4!

This chapter investigates cationic sequence-defined oligoaminoamides as vectors for
the combination chemotherapy. The negatively-charged drug binding element, a
stabilizing unit, a shielding block, and a tumor-specific targeting domain are required in
the delivery system. Solid-phase synthesis (SPS) derived T-shape oligomers, MTX
analogs, and Folate acid ligands were applied as nanopatrticles for receptor-targeted

drug delivery in vitro.

Several structural motifs were crucial in designing the drug delivery vehicles. A
bioreducible dynamic covalent bond, cysteine—cysteine disulfide bond, is introduced in
the oligomers to form stable dimers within other cysteine-any-cysteine peptides.'4? In
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this strategy, C- and N- terminal cysteines can stabilize the drug nanoparticles due to
their cross-linking ability. The artificial amino acid succinoyl tetraethylene pentamine
(Stp) acts as hydrophilic protonatable segment which can facilitate the incorporation of
negatively charged cargo molecules via electrostatic interaction due to being partly
protonated at physiological pH.1*® The oleic acid (OleA) and tyrosine enhance the
stabilization of nanomicelle by hydrophobic or aromatic n-r stacking interactions.%2 144
145 Zhong et al. found that polytyrosine blocks significantly enhance the drug loading
efficiency and stability of the particles.%?

It is also interesting to note that the increased negative charge intensity would enhance
water solubility by modifying the hydrophobic drug. The increased electrostatic
interaction could bind to the positively charged region of the oligomer more firmly. So,
amino glutamic acid, used widely in peptide synthesis, is a promising unit to enhance
the negative charge. Besides, impaired intracellular polyglutamylation resulting in
insufficient cytosolic MTX accumulation has also been described as contributing to
MTX resistance. To address this drug resistance, two pre-polyglutamylated MTX
structures, E2- MTX and E5- MTX, and PEGylated E4-FolA ligand were introduced in

the nanoparticulate for the codelivery of drugs.

Cholesterol is the principal sterol component in most mammalian membranes and is
non-homogeneously distributed among different organelles. One of the specific
physical features of the cholesterol molecule is the steroid tetracycle, a relatively
conformationally rigid structure. It governs much of the interactions of cholesterol in a
lipid bilayer and increases its mechanical stiffness while keeping the membrane fluid.146
147 Cholesterol can serve as a stabilizing domain in the complex micelles for in vivo
delivery due to the increased stability in the proteinous medium and the

bloodstream.148-150

3.4.2 Oligomers and PEGylated ligands synthesis

The T-shape oligomers 1198 and 1444 containing previously mentioned crucial
domains were synthesized by SPS. The sequence-defined T-shape oligomers with
their internal polymer numbers, the synthetic glutamylated versions E2-MTX, E5-MTX,
helper lipid cholesterol, bisDBCO-PEG ligands are included in Figure 3.1. Both
sequence-defined cationic lipo-oligomers contain hydrophobic and hydrophilic
domains. They can complex negatively charged MTX and its gamma-glutamylated
derivatives (E2-MTX and E5-MTX) and neutral antitumoral drug PT by electrostatic and

hydrophobic interactions in an aqueous solution. The prepared nanoparticles can
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further be modified with PEGylated folate ligands to obtain the targeted function, see
Scheme 3.1.
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Figure 3.1. Sequences, topologies, and abbreviations of oligomers and MTX derivatives. The
different structural segments of the lipo-oligomer are represented in different colors: hydrophilic
regions: blue (Stp), hydrophobic: grey (oleic acid) and aromatic: green (tyrosine). Additional
nanoparticle stabilization is facilitated by disulfide crosslinkages (yellow: cysteine). Chemical
structure of oleic acid, cholesterol, succinyl- tetraethylene pentamine (Stp), and DBCO2-PEG24

ligands.
3.4.3 Formation and characterization of nanomicelle complexes

MTX and its analogs acting as the negatively charged cargo molecules were bound to
the positively charged lipo-oligomers to form polyelectrolyte complexes. The
zwitterionic lipophilic tubulin-binding drug PT interacts with 1198 or 1444 via the
interactions of hydrogen bonding, hydrophobic, or other interactions.?* To enable the
successful formation of polyelectrolyte complexes, the ratio of oligomer (1198) to MTX
were firstly investigated. Steinborn et al. have examined the particles of MTX and 454
or polyglutamylated analogs of MTX,8 and Truebenbach et al. have previously found
a promising ratio for the nanoparticle formation. This study examined several different
ratios of 1198 to MTX based on their work.
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Scheme 3.1. Schematic illustration of polyplex formation. lipo-oligomer 1198 (Y3) or 1444 (Ys),
MTX or its analogs and PT form a polyplex including addition of cholesterol. In the second step,

the polyplex was modified with bisDBCO ligands via “click-chemistry”.

Dynamic light scattering (DLS) measurements demonstrated that once the ratio of the
oligomer to MTX is too high, the solution mixture forms an inhomogeneous nanoparticle,
one is 20 nm, and the other peak appears at more than 300nm. Truebenbach et al. also
proved that in their work.2 It is recognized that particles that are smaller than 5-10 nm
are reported to be rapidly cleared by the kidneys. In contrast, particles with sizes above
200 nm are recognized by the reticuloendothelial system (RES) and degraded by
macrophages. By decreasing the ratio of 1198 to MTX, the optimized particle could be
obtained at physiological pH. It shows that in Figure 3.2 A, at a 3-fold surplus of the
oligomer, 1198/MTX nanoparticles (3: 1) possessing 100 nm in size with a
polydispersity index (PDI) of 0.25 were formed. By further lowing oligomer amounts to
a molar ratio of 3 to 2 or 3 to 4, excellent particles 100 nm — 180 nm in size were
obtained as well with lower than 0.3 of PDI. However, when the ratio of the oligomer to
the drug was inversed using these ratios, particle aggregation and precipitation would
appear in the drug solution. In further evaluating these particles, 1198 MTX at 3 to 1
ratio polyplex properties did not change when the particles were incubated for 12 hours
at 25°C or even body temperature (37°C). Therefore, a 3:1 molar ratio was used for
subsequent 1198 MTX and analogs of MTX formation studies (Figure 3.2B).
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Figure 3.2. Size and polydispersity index of (A) 1198 MTX formed upon different molar ratios

of 1198: MTX and (B) polyplexes (3: 1 ratio) incubated at indicated temperature condition for
different time point in HBG solution.
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Figure 3.3. Size (A) and polydispersity index (B) of 1198 with MTX analogs, E2-MTX, E5-MTX
with or without the addition of cholesterol.
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Figure 3.4. Size (A) and polydispersity index (B) of 1198 or 1444 with MTX analogs, E2-MTX,
E5-MTX with the addition of cholesterol.

The other strategies were also investigated and optimized in the formation of
polyplexes. From the evaluation of nanoparticle properties, we can see that in Figure
3.3, with the increase of amounts of glutamic acids in the conjugation of the MTX
analogs, the size of the polyplex (1198 EO or 2 or 5- MTX) increased. They are still
below 200 nm with 0,3 below PDI. The particles did not change after adding 50 % of

cholesterol into the polyplexes. Cholesterol was applied to stabilize lipid bilayers and
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enhance the stability of the lipidic protein nanoparticles. Coincidentally, adding
cholesterol was also proved to be a crucial factor in the prepared particle properties in
the following drug incorporation efficiency experiment. 1444 (1198 analog with six more
tyrosines) was also used for encapsulating MTX and analogs. The 1444 polyplexes are
slightly larger than the 1198 polyplexes with cholesterol; the particle size is around 250
nm, and the PDI is below 0.35.
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Figure 3.5. Free MTX, MTX, E2-MTX and E5-MTX drug incorporation into 1198 nanomicelles
upon exposure to HBG (A) without cholesterol and (B) with cholesterol addition, and (C) MTX,
E2-MTX and E5-MTX drug incorporation into 1444 nanomicelles with cholesterol at room
temperature. HPLC chromatograms (C18 column, 5 % to 100 % acetonitrile gradient in 0.1 %
aqueous TFA in 20 min, detection wavelength 214 nm) oligomer and MTX particles after
ultrafiltration. Nanoparticle solution (500 pM MTX, 1.5 mM 1198 or 1444; 100 pL) was diluted
with 100 pL of HBG. The respective filtrates were evaluated by HPLC for released drug. The
upper chromatogram in Figure 3.5A serves as a concentration standard to calculate free,

unincorporated drug.
3.4.4 Drug incorporation efficiency of oligomers

A nanoparticle system with maximal drug loading and a high incorporation efficiency
will reduce the number of carriers required to administer a sufficient amount of active
compound and is crucial for the therapeutic effect. The incorporation efficiency of EO or
2 or 5- MTX into 1198 and 1444 nanomicelles was determined by ultrafiltration.
Nanoparticles were formed in HBG and then ultrafiltered using centrifugal filters with a

cut-off of 3 kDa. HPLC analyzed the filtrate containing a non-incorporated drug for drug
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content. In Figure 3.5A, the intensity of the peaks represents the amounts of
unincorporated drug MTX. The area of separated peaks was calculated compared to
the standard concentration. The polyplexes1198 combined with single drug MTX show
nearly 90 % drug incorporation efficiency at the optimized molar ratio oligomer/ MTX of
3:1. The negatively charged drug was encapsulated into cationic oligomers by the
electrostatic interactions. With two or five more negative charged glutamate residues
attached, the incorporation efficiency of the PECs stays unchanged. We could see very
tiny peaks in E2- and E5-MTX particles. Upon increasing the amount of stabilizing
domain tyrosines and cholesterol in the nanomicelles, little more drugs were
incorporated into the polyplexes, with the drug incorporation of 91.5 % (Figure 3.5 B
and C).

3.45 Stability of the drug nanomicelles

It is essential to ensure the stability of a micelle under physiological conditions. Different
parameters, like salt changes and contact with numerous proteins, endanger its
structural integrity. For the optimized screening experiments, single drug MTX and its
analogs were examined to confirm the strategy. The availability and shortage of
pretubulysin (PT) was also one of the reasons for single drug encapsulating condition
screening. The stability of the nanomicelles was determined by HPLC chromatograms
(C18 column, 5 % to 100 % acetonitrile gradient in 0.1 % aqueous TFA in 20 min,
detection wavelength 214 nm) patrticles after ultrafiltration. Nanoparticle solution (500
UM MTX, 1.5 mM 1198; 100 pL) was diluted with 100 pL of incubation medium (HBG,
308 mM NacCl, 20 % or 40 % or 90 % of FBS containing HBG). PECs were incubated
at final concentrations of 154 mM NacCl in HBG, 10 % or 20 % or 45 % FBS in HBG for
1 h at room temperature and ultrafiltered. For nanoparticles incubated in physiological
NaCl solution (154 mM NacCl), filters with a 3 K cut-off (Amicon Ultracel 3 K) were used
to separate the nanoparticle from free, unincorporated drugs. For nanoparticles
incubated in an FBS-containing medium, filters with a 100 K cut-off (Amicon Ultracel
100 K) served to separate the free drug. The respective filtrates for the released drug.
While MTX incorporation efficiency of the polyplexes is as high as 95 %, Figure 3.6
shows us that 36 % to 40 % of MTX is not entrapped from the MTX encapsulated
particles incubated in the FBS medium. Moreover, around 42 % MTX is released in
physiological NaCl solution (Figure 3.7).

We can see from Table 3.6 that the stability of the E2- and E5- MTX polyplexes
increased, especially the polyplexes with cholesterol incubated in a different medium
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but did not vary significantly, and the 1444 polyplexes with cholesterol showed minor
drug release compared to the 1198 polyplexes. 1444 +MTX polyplexes with 96 % drug
incorporation efficiency are stable in HBG and 20 % FBS medium, and the drug release
ratios are below 10 %. However, 43 % of the drug was released incubated in 45 % FBS
medium from 1444+E5-MTX.
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Figure 3.6. Stability of MTX drug incorporation into 1198 nanomicelles upon exposure to (A)
free MTX in HBG, (B) 10 % serum containing HBG, (C) 20 % serum containing HBG (D) 45 %
serum containing HBG at room temperature. HPLC chromatograms (C18 column, 5 % to 100 %
acetonitrile gradient in 0.1 % aqueous TFA in 20 min, detection wavelength 214 nm) particles
after ultrafiltration. Nanopatrticle solution (500 uM MTX, 1.5 mM 1198; 100 pL) was diluted with
100 pL of incubation medium (20 % or 40 % or 90 % of FBS containing HBG). PECs were
incubated at final concentrations 10 % or 20 % or 45 % FBS and for 1 h at room temperature
and ultrafiltered. For nanoparticles incubated in FBS containing medium (B, C and D), filters
with a 100 K cut off (Amicon Ultracel 100 K) served to separate the free drug. The respective

filtrates were evaluated by HPLC for released drug.

Based on these finds and knowledge, when more glutamate units were introduced in
the drug analogs, nanomicelle polyelectrolyte complexes (PECs) could entrap more
drugs due to the stronger electrostatic interactions, whereas the stability was not
increased in the FBS medium. Tyrosine and cholesterol help provide hydrophobic
interactions beyond fundamental electrostatic interactions, thereby enhancing polyplex
stability. Meanwhile, the nanoparticle properties changed slightly in size and PDI. 1444
nanomicelle PECs were stable over time. In the subsequent evaluation of combination
codelivery of drugs, 1198 used as mainly cationic carrier encapsulated MTX and PT to

form a nanoparticle.
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Figure 3.7. Stability of MTX drug incorporation into 1198 nanomicelles upon exposure to HBG,
154 mM sodium chloride solution, 10 %, 20 % and 45 % FBS serum containing HBG at room
temperature. HPLC chromatograms (C18 column, 5 % to 100% acetonitrile gradient in 0.1 %
agueous TFA in 20 min, detection wavelength 214 nm) particles after ultrafiltration.
Nanoparticle solution (500 pM MTX, 1.5 mM 1198; 100 uL) was diluted with 100 pL of
incubation medium (308 mM NacCl, 20 % or 40 % or 90 % of FBS containing HBG). PECs were
incubated at final concentrations 154 mM NaCl in HBG, 10 % or 20 % or 45 % FBS in HBG for
1 h at room temperature and ultrafiltered. For nanopatrticles incubated in physiological NaCl
solution (154 mM NaCl), filters with a 3 K cut off (Amicon Ultracel 3 K) were used to separate
the nanoparticle from free, unincorporated drug. For nanoparticles incubated in FBS containing
medium, filters with a 100 K cut off (Amicon Ultracel 100 K) served to separate the free drug.
The respective filtrates were evaluated by HPLC for released drug.

Table 3.6. The ratio of MTX released from different nanomicelle PECs from different
incubation medium.

Cholesterol 20 % 45 %
Nanomicelle PECs HBG

Addition FBS FBS
1198 + MTX Without 4.4 41.9 46.2

1198 + MTX 9.6 33.8 30
1198 + E2MTX 2.2 14.8 23.8
1198 + EBMTX 4.6 26.4 33.5

With

1444 + MTX 3.4 33.5 62.6
1444 + E2MTX 94 7.5 24.3
1444 + ESMTX 7.5 4.7 43.2

The ability of lipo-OAA 1198 incorporating MTX (1198 MTX) and PT (1198 MTX+PT)
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with or without the addition of cholesterol is shown in Figure 3.8. Pretublysin, a

zwitterionic lipophilic drug, did not form a good particle when it interacted with 1198 (the
size 20 nm). MTX particles revealed sizes around 100 nm with 0.2 of PDI. 1198 (MTX+
PT) particles were considerably bigger, around 120 nm. TEM images show 1198
(MTX+ PT) PECs to be uniform and spherical in shape. Data correspond well with DLS
measurements in terms of particle size. The size of 1198 (MTX+ PT) particles with
cholesterol was not changed, and the zeta potential was the same as that of 1198 MTX
nanomicelles. Particle sizes between 10 and 200 nm have previously been shown to

passively target tumors by the EPR effect.15?
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Figure 3.8. (A) Size and polydispersity index and (B) Zeta potential of the polyplexes. DLS
measurements of 1198 PT and 1198 MTX PT with/without cholesterol, the polyplexes were
formed at ratio of 1198: MTX: PT = 6: 2: 1 with 45 % molar ratio of cholesterol addition. (C)
Morphology of 1198 (MTX PT) + Cholesterol nanoparticles in HBG. The scale bar is 200 nm in
the left picture, 100 nm in the right picture.
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Figure 3.9. Drug incorporation efficiency (A) 1198 MTX and 1198 MTX+PT with/without the
addition of cholesterol, the polyplexes were formed at ratio of 1198: MTX: PT = 6:2:1 (250 uM
PT, 500 uM MTX, 1.5 mM 1198; 100 pL) with 45 % molar ratio of cholesterol addition. The
calculated efficiency was determined by ultrafiltration of polyplexes and (B) high-performance
liquid chromatography (HPLC, C18 column of 5 % to 100 % gradient of acetonitrile in 0.1 %
aqueous TFA, detection wavelength 214 nm).

Drug incorporation efficiency (Figure 3.9) and stability (Figure 3.10) of 1198 MTX and
1198 (MTX+ PT) with or without cholesterol were further investigated by HPLC after
ultrafiltration. At the optimized molar ratio 1198: MTX: PT =6: 2: 1 (250 uM PT, 500 uM
MTX, 1.5 mM 1198; 100 pL), lipo-OAA 1198 (MTX+ PT) incorporates 80 % of MTX and
62 % of PT. After adding 45 % cholesterol, the incorporation efficiency of the PECs
increased to 86 % and 74 %, respectively (Figure 3.9). The stability of a micelle under
physiological conditions is crucial. 1198 MTX and 1198 (MTX+ PT) nanomicelles were
incubated in HBG, 154 mM sodium chloride, and FBS in HBG for one h, the particles
were ultrafiltered. In Figure 3.10, we can see that all the nanomicelles incubated in
HBG, whether with or without the addition of cholesterol, stayed stable, and less than
7 % drug was released from PECs. However, 40 % of MTX or PT was released when

nanomicelles were incorporated and exposed to the physiological solution and FBS-
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containing solution, the salt changes and contact with proteins can affect the system.

Cholesterol helps to stabilize lipid bilayers and enhance the stability of the
nanoparticles. It also seems like a potential domain for increasing the stability of 1198
MTX and 1198 (MTX+ PT), as less than 20 % of drugs are released from both

nanomicelles.
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Figure 3.10. Stability of MTX or MTX+PT drug incorporation into 1198 polyplexes upon
exposure to different medium solution, including HBG, 154 mM NaCl solution and 10 %, 20 %
and 50 % FBS containing serum containing HBG at 37 h. (A) MTX or PT release of 1198
polyplexes in different medium. (B) HPLC chromatograms of polyplexes incubated in different

mediums.
3.4.6 Therapeutic activity of free or formulated MTX or MTX+ PT

PT shows a strongly antiproliferative effect on L1210 leukemia cells in vitro. L1210 cells
are susceptible to MTX treatment, and Truebenbach and Kern have already reported
the combination effect of (MTX+ PT).?! This new strategy for co-delivering negatively
charged MTX (and its analogs) has been developed using sequence-defined cationic

lipooligomers. All cell culture experiments were performed by Mina Yazdi, PhD student
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at LMU Pharmaceutical Biotechnology. In Figure 3.11, we can see that stable
polyplexes 1198 encapsulating MTX, E2-, or E5-MTX with cholesterol show the similar
trend in tumor therapeutic efficiency at different concentration of drug, and it
demonstrates that 1198+MTX formulation possessed higher cancer cells killing ability
even though 1198+E2 or E5-MTX have less MTX release.

The cell viability results in Figure 3.12A also demonstrated that the cell viability upon
the combination of drugs (MTX+PT) after 48 h can be decreased compared to free MTX
(Figure 3.11) from 40 % of cells to 20 %. 1198 (MTX+ PT) incorporation also increased
the antitumoral effects on L1210 cells, significantly at lower concentrations compared
to 1198 MTX nanomicelles and combined drugs without carrier. The increased tumor
cell killing effects of the 1198 formulations over the free drugs could not be attributed
to lipo-OAA toxicity, which was negligible. However, the therapeutic efficiency of 1444
polyplexes is not better than 1198 with the addition of cholesterol. Considering more
tyrosine in 1444 than 1198, more tyrosines could affect the stability of polyplexes and
the encapsulation efficiency of drugs, whereas the antitumoral effect keeps a similar

level as the original one 1198 (Figure 3.12B).
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Figure 3.11. L1210 cell viability upon treatment with free MTX and their analogs compared to
their formulation with 1198 + Chol. Experiment performed by Mina Yazdi (PhD student at LMU

Pharmaceutical Biotechnology).
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Figure 3.12. L1210 cell viability upon treatment with (A) MTX+PT, 1198 (MTX+PT) and 1198
(MTX+PT) + Chol for 48h; (B) L1210 cell viability upon treatment with 1198 (MTX+PT) and
1444 (MTX+PT) with the addition of Chol for 48h. Experiment performed by Mina Yazdi (PhD
student at LMU Pharmaceutical Biotechnology).

Shielding and directing polyplexes specifically towards the tumor by introducing a
specific targeting molecule or peptide are essential for targeted chemotherapy. The
cationic oligomers can be post-modified with PEG reagents comprising a targeting
domain. For this study, the 1198 MTX nanomicelles were modified with bisDBCO-
PEG24, bisDBCO- PEG24- FolA, and bisDBCO- PEG24- E4FolA reagents, and the
particle properties were determined by DLS and zeta potential measurements. The
ratio of PEG reagents to the azido group at the N-terminus of each oligomer was
screened, and the 0.25 eq was considered for post-modification of polyplexes with
shielding and targeting agents. At this ratio, good particles formed without much
agglomeration and precipitation (Figure 3.13). Compared to the nonmodified
polyplexes, the modified polyplexes get larger than 150 nm in size, and the zeta
potential was decreased from 30 mV to 20mV by the shielding effect of PEGylation.
The addition of cholesterol in the 1198 polyplexes modified ligands does not
significantly change the particle size or zeta potential. The efficiency of the 1198
(MTX+PT) nanomicelle complexes including optionally cholesterol and ligand
modifications were determined by MTT assay.
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Figure 3.13. Particle size of 1198 MTX nanomicelles (A) without cholesterol and (C) with
cholesterol and zeta potential (B) without cholesterol and (D) with cholesterol modified with
different PEG reagents. The 0.25 equivalent of PEG reagents to 1198 was used for the post-
modification.

L1210 cells were treated with modified and unmodified 1198 (MTX+PT) for 48 h. We
can see that modified 1198 (MTX+PT) particles show therapeutic efficiency compared
to unmodified polyplexes. Although, there is not much different targeting efficiency
between FolA and glutamate FolA (E4FolA) in vitro, the tumor selective effect of

targeting polyplexes might be promising (Figure 3.14).
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Figure 3.14. L1210 cell viability upon treatment with targeting polyplexes (1198 encapsulating
MTX and PT) compared to unmodified polyplexes (non) with cholesterol for 48 h. Experiment

performed by Mina Yazdi (PhD student at LMU Pharmaceutical Biotechnology).
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3.5 Conclusions

For a successful combination drug delivery by artificial vectors, these carriers must
display several functionalities to increase their efficiency and reduce the risk for
chemoresistance. In the current chapter, the novel tubulin-binding drug Pretubulysin
and polyglutamylated methotrexate were encapsulated with a cationic carrier with
several significant domains. To reach the target site, the folate receptor targeting ligand
FolA were modified onto the nanomicelles. For the carriers and PEGylated ligands,

solid-phase synthesis (SPS) was utilized.

The ratio of 1198 to MTX was optimized. The polyplexes at a 3:1 ratio is 100 nm in size
and stable after a long time of incubation at different temperatures. The E2 and ESMTX
can also be encapsulated in 1198 or 1444 to form a good particle with 100-150 nm in
size. The MTX incorporation efficiency of the polyplexes is 80 % to 90 %. We could see
that the stability of the E2- and E5- MTX polyplexes increased, especially the
polyplexes with cholesterol incubated in a different medium. Also, the 1444 polyplexes
with cholesterol show less drug release than the 1198 polyplexes. 1198 MTX
polyplexes with or without cholesterol show more efficiency in cell killing than the free

drug. 1444 MTX polyplexes showed similar efficiency as 1198.

The increased tumor cell killing effects of 1198 MTX+PT polyplexes were higher than
the free drug solution and slightly higher than the polyplexes without cholesterol. The
effect could be seen in L1210 cells. The drug incorporation efficiency of the 1198
polyplexes is high, around 80 % of MTX and 65 % of PT, the polyplexes with the

cholesterol show more drug encapsulation.

The cell-killing effects of the polyplexes can be increased with the ligand modification
E4FolA and FolA compared to the non-modified ones. Especially the efficiency can be

seen after higher incubation time such as 72h.
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4  Polymeric carriers for nucleic acid delivery: current

designs and future directions

This chapter was adapted from: Lun Peng and Ernst Wagner. Polymeric Carriers for
Nucleic Acid Delivery: Current Designs and Future Directions. Biomacromolecules
2019, 20, 10, 3613-3626.

Abstract:

Within the last two decades, a series of novel therapeutic nucleic acids entered
research and clinical valuation. Their differences both in biophysical properties as well
as in mode and site of biological action provide polymer-based carriers with new
delivery challenges. Recent tailor-made designs of polymeric carriers are reviewed that
were optimized for nucleic acid cargos such as plasmid DNA, siRNA, and micro RNA,
MRNA, or genome-modifying nucleic acids. The specific requirements for the various
therapeutic cargos are discussed. Future directions include dynamic bioresponsive
polymers as components of nanomachines, multifunctional sequence-defined carriers
for evolution-based selective optimization, and organic-inorganic multicomponent

nanoassemblies.

4.1 Introduction

Polymeric carriers have been explored for nucleic acid delivery for over five
decades,98 152155 wijth initial application in transfections for molecular virology and
genetic engineering, followed by the development of therapeutic nucleic acid
formulations. Initially, nonviral gene therapy focused on DNA-based gene transfer,
immunostimulatory oligonucleotides, and gene inhibition by antisense oligonucleotides
or ribozymes. Since the new millennium, the field has been enriched by a series of
novel therapeutic nucleic acid entities entering research and clinical evaluation. These
include small interfering RNA (siRNA) and micro-RNA in various variations and
chemical modifications, stabilized mRNA, splicing-modifying oligonucleotides, or single
guide RNA (sgRNA) for genome-modification. Here we illustrate current efforts to meet
the delivery requirements with recent examples of polymer design. We highlight the
challenges and bottlenecks, which can be different for the different therapeutic nucleic
acid cargos,6-10 pased on their different biophysical characteristics as well as their

cellular site and mode of action.
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4.2 Recent designs

4.2.1 Different nucleic acid cargos demand different delivery solutions

Plasmid DNA (pDNA) and CRISPR Cas9/sgRNA need to act in the cellular nucleus,
whereas siRNA, micro-RNA, or mRNA act in the cytosol. SIRNA and microRNA are
rather small (~21-25 bp) nucleic acid molecules which may limit stability of purely
electrostatic polyelectrolyte complexes. pDNA and mRNA are larger nucleic acid
materials, where compaction into smaller nano-sized structures is important in the initial
delivery process, whereas in the later phase the release in the proper compartments
as intact materials accessible for functional conversion by transcription or translation,
respectively, is critical. For medium-sized single guide RNA, proper biochemical
interaction with the Cas9 protein is essential for the genome editing function. Polymer
libraries such as generated from poly(amine-co-esters) (PACE;! Scheme 4.1 A) or
poly(2-ethyl-2-oxazoline)/poly (ethylene imine) copolymers (PEtOx-PEI)'%? (Scheme
4.1 B) have been screened for different nucleic acid cargos; it was found that different
members of each library were most effective for the different cargos. For example,
Blakney et al. synthesized and screened a library of poly(2-ethyl-2-oxazoline)/poly
(ethylene imine) copolymers with varying molar mass and charge densities for polyplex
transfection efficiency by different nucleic acids. The optimal copolymer molar mass
and charge density (%) was found as 83 kDa/ 100 %, 72 kDa/ 100 %, and 45 kDa/ 80 %

for pDNA, RepRNA, and mRNA, respectively.162
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Representative PACE chemical structure.’®® (B) Synthesis of PEtOx-PEI statistical

copolymer.t%2 (C) p(PMA-PMBA)-b-(p(OEGMADMAEMA).}"* (D) Polymethacrylate bearing
primary, secondary, and tertiary amino groups.36 (E) BEAQ quadpolymer (A2 + B2/B3 + C1).18

4.2.2 DNA based gene transfer

DNA requires compaction into suitable size for systemic circulation with proper surface
shielding, intracellular uptake by endocytosis, crossing of endosomal vesicle barrier,
and intranuclear delivery. Only sub-50 nm DNA/PEI polyplexes were observed in a
Xenopus oocyte system to enter across the nuclear pore complex without
compromising the integrity of the nuclear envelope.'%3 Delivery of minicircle DNA, which
formed small sub-50 nm polyplexes, resulted in higher and cell-cycle independent gene
transfer than analogs plasmid DNA (pDNA) polyplexes.'®* On the one hand, instability
of PEI polyplexes in vivo after systemic administration had been identified as a critical
concern.®> 166 On the other hand, stable nanoparticle characteristics can be
disadvantageous inside the cell, because they may prevent nuclear entry (if
nanoparticles are too large) and also accessibility for transcription.'®” For example, 22
kDa linear PEI forming less stable DNA polyplexes than 25 kDa branched PEI mediates
the higher gene expression and less cell-cycle dependence.68-170 Histidinylation of
linear PEI further improved endosomal escape and cytosolic unpackaging of delivered
DNA, which would improve its transport toward and into the nucleus.'>® Nuclear uptake
is still a not well-understood barrier, also depending on aspects of cell type and cell
division.'%8 In a quantitative study by flow cytometry, only 0.1 % of added poly(B-amino
ester)/DNA polyplexes was taken up by human brain cancer cells, but 12 % of
internalized DNA successfully entered the nucleus.'’* A recent screen of inhibitors of
histone-modifying enzymes identified compounds which enhance polyplex-mediated

gene expression.17?

Several recent polymeric strategies shed light on the “polyplex dilemma” in delivery and
provide directions for overcoming the bottleneck. For example, incorporated PEG
blocks in polylysine block polymers were found to significantly affect DNA condensation,
including effects on nanoparticle shape and transcriptional availability.'”® More
extended rod-shaped nanoparticles mediated higher gene expression efficiency in a
cell-free system than globular shaped nanopatrticles. Related work, based on ligand-
targeted and PEG shielded pDNA polyplexes, showed potent c-Met receptor-targeted
hepatoma or prostate cancer transfection in vitro despite limited DNA compaction;

however, in vivo tumor-targeted delivery of a luciferase marker gene only was
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successful with slightly modified, better compacted bioreversibly cross-linked

polyplexes.'*3 These finding were confirmed using a theragnostic antitumoral gene
(sodium iodide symporter, NIS) in the same subcutaneous hepatoma model*’# or using
IL6-receptor-targeted antitumoral ING4 pidan polyplexes targeting orthotopic glioma in
mice (Figure 4.1).134
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Figure 4.1. Formation of I6P7 peptide-Stp-His/DNA nanoparticles and delivery process
in vivo. Reprinted with permissions from Wang et al.13* Copyright 2017 American
Society of Gene and Cell Therapy.

To address the polyplex dilemma of suboptimum stability in the extracellular
environment and insufficient intracellular DNA release of polycationic carriers, Pun and

co-workers reported the design of a pH-sensitive polymer, poly(oligo-(ethylene glycol)
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monomethyl ether methacrylate)-co-poly(2- (dimethylamino) ethyl methacrylate)-block-

poly(propargyl methacrylate-graft-propyl- (4-methoxy-benzylidene) -amine)
(p(PMA-PMBA) -b-(p(OEGMA- DMAEMA), see Scheme 4.1 C, for successful in vitro
and in vivo gene transfer.!’”> The hydrophobic p(PMA-PMBA) domain significantly
enhanced the polyplex stability under physiological extracellular condition, but
undergoes an acid-triggered hydrophilic transition within endosomes through the
cleavage of benzoic imines, thus, allowing the release of nucleic acid cargo due to the

loss of hydrophobic functionalization.
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Figure 4.2. (A) Structure of VIPER. (B) Melittin coupled in VIPER next to the hydrophobic DIPA
domain is exposed upon endosomal acidification and solubilization of the DIPA domain, which
promotes endosome escape into the cytosol. Reproduced from Cheng et al.*?* with permissions

of John Wiley and Sons. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

Escape of internalized polyplexes out of the endosome is a known critical bottleneck
within the delivery process. Incorporation of endosomolytic agents such as whole virus
particles!’® or Iytic peptides?’’-17° into nanoagents had been pursued to overcome this
limitation. Cheng et al. optimized methacrylate copolymers as transfection carriers by
designing a virus-inspired polymer for endosomal release (VIPER, Figure 4.2).1%°
VIPER is a block copolymer based on four different monomers. The first block is a
hydrophilic copolymer of OEGMA for nanoparticle surface shielding and cationic
DMAEMA block for binding and compaction of DNA. The second block is reversibly
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hydrophobic, containing a pH-sensitive 2-diisopropylaminoethyl methacrylate (DIPAMA)

and the pyridyl disulfide ethyl methacrylate (PDSEMA). DIPAMA provides a sharp

endosomal pH phase transition from hydrophobic to hydrophilic state, thus exposing
PDSEMA. The activated disulfide function of the latter unit was utilized for coupling the
lytic peptide melittin which thus could be displayed in an acid-triggered fashion,
promoting endosomal escape into the cell cytosol. This VIPER carrier facilitated
effective gene transfer upon intratumoral administration to KB tumor-bearing mice. In
subsequent work, the same research group replaced melittin with a series of other Iytic
peptides.?? Peptide conjugates with highly lytic but not pH-selective peptides achieved
safe and effective transfection both in vitro and in vivo. Apparently, the sharp pH-
transition of VIPER compensated for potential advantages from pH-sensitive but less

lytic peptides.

Another strategy of improving endosomal escape agents was reported by Duat, Kichler,
and Guichard.'8% 181 Starting from the amphipathic histidine-rich peptide LAH4,17®
analogs urea-based foldamers were generated. A pH-responsive, bioreducible cell-
penetrating foldamer was developed through covalent dimerization of a short (8-mer)
amphipathic oligourea sequence bearing histidine-type units which mediates efficient
gene transfer. Most recently, the cell-penetrating foldamer strategy was extended by
conjugation to a ligand that binds cell surface expressed nucleolin, to facilitate both

assemblies with DNA and mediating receptor-targeted cell entry.*8!

The group of Schubert evaluated the influence of the amino substitution pattern of linear
cationic methacrylate-based transfection carriers.'®? For this purpose, they prepared a
library of defined linear polymers based on (2-aminoethyl)- methacrylate (AEMA), N-
methyl-(2-aminoethyl)-methacrylate (MAEMA), and N,N-dimethyl-(2-aminoethyl)-
methacrylate (DMAEMA) monomers, bearing pendant primary, secondary, and tertiary
amino groups (Scheme 4.1). In contrast to previous experiences with PEIl based
polyplexes, successful transfection was not affected by the buffer capacity. Polyplexes
containing a high content of primary amino groups (AEMA) offered the highest
transfection efficiency, whereas polyplexes bearing tertiary amino groups (DMAEMA)
exhibited the lowest transfection efficiency. Further insights into the cellular uptake and
release mechanisms by fluorescence and transmission electron microscopy support
the theory of lipid-membrane pore formation as an effective process in endosomal

release of methacrylate-based polyplexes.

Other strategies to solve the “polyplex dilemma” involve the integration of
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biodegradable ester functions or disulfide bonds. To provide polyplex stability during

blood circulation and high transfection ability, Barz and colleagues designed reactive
triblock copolypept(o)ides.® These triblocks include a stealth-like polysarcosine block
for efficient shielding, a hydrophobic block based on reactive disulfides for multiple
cross-linking, and a cationic polylysine block for complexation of pDNA. Bifunctional
aminoethylene cross-linkers were employed for simultaneous introduction of
bioreversible stabilization by disulfide bond formation and endosomolytic properties of
polyplexes. Upon screening cross-linkers, pDNA polyplexes were developed which
transfect dendritic cells and resulted in successful immunological presentation of a

model antigen.

Green and co-workers synthesized multifunctional poly(ester amine) quadpolymers
(BEAQs) with well-defined branching structure via A2 + B2/B3 + C1 Michael addition
reactions from small molecule acrylate and amine monomers and then end-capped with
amine-containing small molecules (Scheme 4.1).18 BEAQs with moderate degrees of
branching were found highly effective for pDNA transfer to retinal pigment epithelial
cells, exceeding potency of previously reported leading linear poly(B-amino esters).
Defined structural properties including tertiary amine content correlated with

transfection efficacy.

Polyplex stabilization by surface shielding is an important aspect for in vivo application.
Ishihara and colleagues coated the surfaces of pDNA/chitosan complexes with
hyaluronic acid (HA) of varying molecular masses. pDNA complexes were lyophilized
and subsequently stored under defined conditions.'® Transfection efficiencies of
pDNA/chitosan/HA ternary complexes were dependent on the average size of HA, the
coating with high-molecular-weight HA augmented the stability and transfection ability
of polyplexes after lyophilization-rehydration. Intratumoral injection of lyophilized,
rehydrated polyplexes encoding the thymidine kinase suicide gene showed a

suppression of tumor growth in Huh7 tumor-bearing mice.

A frequent observation is lack of correlation between in vitro and in vivo gene transfer.
The tetrafunctional block copolymer 704, consisting of four PEG/PPO blocks centered
on an ethylene diamine moiety, can complex DNA but was found ineffective in vitro. In
mice, the block copolymer was found as more effective in lung gene transfer than the
well-established cationic liposomal carrier GL67A. In the newborn piglet as a larger-
animal model, the 704 pDNA formulation was more than 10-fold more effective than a

corresponding cationic liposomal formulation, without inducing IL-6 as inflammation
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marker.186

4.2.3 Stabilized Messenger RNA

Delivery of mMRNA, on the one hand replacing DNA-based gene expression constructs,
on the other hand replacing recombinant proteins, presents a new therapeutic focus for
protein replacement therapies, treatment of genetic diseases, or vaccination.187-18°
Chemical modifications of the quite labile mMRNA have resulted in stabilized and less
immunogenic mMRNAs.1% The novel therapeutic modality also provides novel
challenges and opportunities for polymeric delivery. Dohmen and colleagues evaluated
PEI-like cationic carriers. They noted that a small difference within the PEI repeat unit,
introducing a methylene group into every second aminoethylene unit, resulting in
aminoethylene-aminopropylene-aminoethylene sequence (Scheme 4.2A), strongly
enhanced mRNA delivery in vitro and in vivo, in the murine liver or the porcine lungs
after systemic or aerosol administration, respectively.*®* Nuhn, Zentel, and co-workers
designed reductive decationizable block copolymers with disulfide-linked primary
amines (Scheme 4.2B).1°°The cationized amines allow effective polyplex formation

with mRNA and subsequent release under the reductive conditions of the cytosol.
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(B) Reductive block polymer.1? (C) Poly amino esters formRNA formulation.!*® (D) Modified

polyester series.’®* (E) CART copolymer and its physiological degradation.%7-2%

Formulations for systemic delivery of mRNA to the lung were developed by several
researchers.19319% Kaczmarek et al. coformulated mRNA with poly(B-amino esters)

(PBAEs, Scheme 4.2C) and lipid-PEG for functional delivery to the lungs after
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intravenous administration in mice.'®® Optimization in terms of polymer synthesis and

nanoparticle formulation strongly increased potency; using genetically engineered Cre
reporter mice, they demonstrate functional mRNA delivery to both the lung endothelium
and pulmonary immune cells.'®* Siegwart and collaborators generated a combinatorial
480-member polyester library based on poly(trimethylolpropane allyl ether-co-suberoyl
chloride (Scheme 4.2D). The mRNA polyplex nanoparticles (NPs) stabilized with 5 %
pluronic F127 enabled upon intravenous application luciferase marker expression
predominantly in the lungs of mice.'®> A new ionizable amino-polyester library was
synthesized by Kowalski et al.1% via ring-opening polymerization of lactones with
tertiary amino-alcohols and used for formulating mRNA into lipid nanoparticles (LNPS).
Aiming at tissue and cell type selective delivery, mMRNA LNPs were identified that can
preferentially home to and express in lung endothelium, liver hepatocytes, and splenic

antigen presenting cells.

For systemic delivery of mRNA to tumors, Dong and colleagues formed polyplexes with
poly (N-isopropylacryla- mide) (PNIPAM)-polylysine (PLys)-thiol and cRGD-PEG-
PLys-thiol.1®” Incorporation of the thermoresponsive PNIPAM and the redox-
responsive disulfide linkages were supposed to stabilize and protect mRNA during
systemic circulation. cRGD ligand was attached for receptor-targeted mRNA transfer.
Intravenous administration of the formulation demonstrated improved accumulation in
subcutaneous U87 tumors and expression of luciferase or eGFP marker mRNAs.

Waymouth and colleagues developed a novel tunable class of synthetic biodegradable
nucleic acid delivery materials: amphiphilic charge-altering releasable transporters
(CARTS).198-201 CART co-oligomers (Scheme 4.2E) were synthesized in two steps via
sequential organocatalytic ring-opening polymerization of lipid-containing cyclic
carbonate monomers and morpholinone monomers. Efficient carriers for mMRNA were
identified from combinatorial libraries of such transporters with varied lipid domains.
The transporters are highly degradable; initially the oligo (a-amino ester) cationic block
mediates electrostatic stabilization of mMRNA nano-complexes, but subsequently
degrades by charge-neutralizing intramolecular rearrangement, leading to intracellular
release of MRNA. This release appears as essential requirement for transcriptional
accessibility and functionality of mRNA. The lead lipid CART combination showed
enhanced lymphocyte transfection in primary T cells and in vivo in mice.*®® For example,
systemic antitumor immune responses were generated upon intratumoral injection of
the CART/Ox40L-, CD80-, and CD86-encoding mRNA complexes, curing tumors.2%
Lipid variations of the CARTSs substantially impacted the delivery efficiency of pDNA,
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with oleyl- and linoleyl-based CARTs showing enhanced performance.?%t

4.2.4 siRNA and MicroRNA for RNA Interference

Patisiran (Onpattro) is the first sSIRNA drug formulation which was approved by FDA
and EMA and reached the medical market. It contains siRNA directed against TTR
MRNA in a PEGylated lipid nanoparticle (PEG-LNP) formulation.?°> Gene silencing is
targeted to liver hepatocytes via apolipoprotein which incorporates into the LNP during
circulation in blood. Gene silencing to other organs is far less effective. First tumor-
targeted siRNA polyplexes evaluated in cancer patients were based on transferrin-

coated nanoparticles.*®

siRNA is much smaller than pDNA or mRNA, providing far fewer negative charges for
electrostatic polyplex stabilization. One alternative to overcome this problem is covalent
conjugation with polymers.293 204 A single chemical entity (SCE) siRNA, GalNac-PEG
siRNA for hepatocyte targeting, is currently being tested in human clinical trials.2%% 206
Application of this strategy, which targets the highly abundant asialoglycoprotein
receptor, to receptor targeting beyond the liver using an alternative ligand has not been

successful thus far.

Improved polyplex stability requires significant changes in polymer structure and
hydrophobic modifications. For example, Ling Peng and co-workers optimized
dendrimers for siRNA delivery via self-organizing the hydrophilic and hydrophobic
components.?%” Merkel and Pun applied the VIPER polymer system bearing polycation
and pH sensitive segments previously established for pDNA delivery for in vivo delivery
of siRNA to the lung.?°® The excellent DNA transfection agent PEI is rather inefficient
in SiRNA delivery and substantially cytotoxic; chemical modifications can enhance the
ability of self-assembly and stabilization of SIRNA nanoparticles. For instance, grafting
aromatic domains such as tyrosine onto PEI does not trigger difference in endosomal
buffering capability, but higher bioresponsiveness and stability in delivery. Zuber and
collaborators demonstrated that PEI modified with tyrosine or pyridylthiourea (TTPEI)
enhances the efficiency of siRNA mediated gene silencing.?°®?1 Ewe and Aigner
extended the strategy to design tyrosine-modified nontoxic, low molecular weight
polyethylenimine (P10Y) for efficient siRNA delivery in vitro and in vivo.?'? Tumor-
inhibitory effects were observed in a melanoma xenograft mouse model upon systemic
application of survivin siRNA polyplexes, indicating therapeutic efficacy in the absence
of adverse effects such as hepatotoxicity, immunostimulation, or weight loss. Tyrosine
trimers (Y3) were also utilized as stabilizing components via hydrophobic or aromatic
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n—n stacking interactions in siRNA polyplexes based on sequence-defined lipo-
oligomers.?13 For that purpose, artificial amino acids had been designed that contain
the repeated aminoethylene motif of PEI. Different fatty acids were incorporated for
nanomicelle stabilization.’®*® Combined with integrated tyrosine trimers, these
aminoethylene-based artificial lipopeptides displayed good biocompatibility and
mediated gene anti-EG5 antitumoral gene silencing in vitro and in vivo in mouse tumor
models.3> 2% |t is worth to be mentioned that tyrosine oligomers were also applied in
form of PEG-pTyr (DP~ 30) for receptor-targeted polymerosomes for antitumoral drug

delivery.144
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Figure 4.3. Schematic representation of DNA-grafted-PCL brushes forming with siRNA-L
(containing RNA linkers for DNA hybridization) crosslinked nanogels for siRNA delivery in vivo.
Reproduced with permissions of John Wiley and Sons from Ding et al.?'* Copyright 2018 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

As alternative strategy to overcome the limited stability of electrostatically formed
siRNA polyplexes, Hammond and colleagues applied a polymeric form of SiRNA,
termed periodic short hairpin RNA (p-shRNA). p-shRNA is synthesized by rolling circle
transcription (RCT) of DNA and, due to its higher charge valency, can form more stable
complexes than monomeric siRNA. Biodegradable PBAE polymers were optimized
containing hydrophobic domains and stabilizing PEG domains.?®> Silencing STAT3 in

the B16F10 mouse melanoma model significantly prolonged survival, demonstrating
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therapeutic applicability. Ding et al. applied conjugated siRNA both as antitumoral

therapeutic agent and as stabilizing cross-linker.?'¢ For this purpose, DNA-grafted-
polycaprolactone (PCL) brushes were specifically hybridized with complementary
single-stranded overhangs at both ends of the siRNA, resulting in self-assembly into
cross-linked nanogels of sizes tunable between 80 nm up to micrometer range (Figure
4.3). Intravenous administration of anti-PLK1 siRNA nanogels resulted in growth
reduction of MDA-MB231 breast carcinoma in the mouse xenograft.

The peptide angiopep 2 (ANG) has high affinity to low-density lipoprotein-receptor-
related protein (LRP), which is overexpressed both on surface of the brain capillary
endothelial cells (BCECs) and glioma cells. Consistently, ANG should be able to pass
the blood-brain barrier (BBB) and deliver into brain tumor cells. ANG-PEG-containing
peptide-like lipopolymers were applied to siRNA lipopolyplex formation;2%’ intravenous
administration resulted in delivery into orthotopic glioblastomas in mice and tumoral
BAG3 gene silencing. Zhong and co-workers designed ANG-decorated chimaeric
polymersomes (ANG-CPs) to package siRNA in their interior (Figure 4.4A). These
ANG-CPs were found to effectively permeate a BCEC monolayer as in vitro BBB model,
transport SiRNA into the cytosol of glioblastoma cells via the LRP-1- mediated pathway,
releasing the siRNA payload within the reductive environment in the cytosol, and
silencing PLK1 mRNA. The ANG-PEG-CP-siRNA polymersomes showed a prolonged
circulation time and accumulated in glioblastoma. siPLK1 induced a strong

antiglioblastoma effect and significantly improved the survival time of glioblastoma

Oligomer

carrying mice.?*®

DOBODBUAN

—_—
SIEG5-KLK
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Figure 4.4. (A) lllustration of improved RNAI therapy for human glioblastoma in vivo using
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siRNA-loaded nontoxic brain-targeting chimaeric polymersomes (ANG-CP-siRNA). Reprinted

with permission from Shi et al.,?*® Copyright 2018 Elsevier. (B) SiEG5-KLK peptide conjugates
into 1L4-receptor-targeted lipopolyplexes resulted in enhanced apoptotic tumor cell killing.
Reprinted with permission from John Wiley and Sons from Luo et al.?*® Copyright 2019 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Antitumoral siRNA has been combined with other antitumoral active components; for
example, Luo et al.?*® synthesized bioreducible covalent conjugates of EG5 siRNA with
mitochondria-interacting peptide KLK (Figure 4.4B). Formulating SIEG5-KLK peptide
conjugates into IL4-receptor-targeted lipopolyplexes resulted in enhanced apoptotic
tumor cell killing due to the combined effect of mitotic arrest by EG5 gene silencing and

mitochondrial membrane disruption by KLK.

Almost 2000 micro RNAs (miRs) are naturally expressed in our body and regulate the
expression of our genome at the post-transcriptional level. They participate in the
physiological cellular processes, but also have a decisive impact under
pathophysiological conditions. For example, loss of tumor suppressor miRs and
activation of onco-miRs are key events in tumor progression. Therefore, therapeutic
treatments by delivery of suppressor miRs or delivery of antionco-miRs (antagomirs)
have been considered.??> 22! |n early days, Aigner and colleagues applied PEI
polyplexes for miR-145 and miR-33 delivery which exhibited antitumor effects in colon
carcinoma.??? Miiller et al. designed miR-200c lipopolyplexes based on cationizable T-
shaped lipo-oligpaminoamines.*! The core nanoparticles were surface-modified with a
PEG shield exposing peptide GE11 as artificial EGF receptor targeting ligand; miR-
200c delivery to EGFR-positive breast cancer cells resulted in reduced tumor cell
proliferation, reduced cell migration, and enhanced chemosensitivity. Green and co-
workers optimized bioreducible PBAE polyplexes for delivery of cancer stem cell
(CSC)-inhibiting mIRNAs into gliomas. Polyplexes containing multiplexed CSC-
inhibiting miRNAs inhibited glioblastoma growth; intratumoral infusion of miR-148a and

miR-296-5p polyplexes into orthotopic xenografts prolonged survival of mice.???

In summary, for polymer-mediated siRNA and miRNA delivery a stabilized extracellular
delivery, efficient cellular uptake, and endosomal release into the cytosol appear as key
measures. However, research can be full of surprises; recently hyaluronic acid was
found to stabilize siRNA via hydrogen bondings and hydrophobic interactions, and the
negatively charged HA mediated siRNA delivery into CDA44-positive human

osteosarcoma cells and in mesenchymal stromal cells (hMSCs), resulting in
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approximately 60 % gene knockdown in both cell types without any toxicity.??* The in

vivo translation of these encouraging results remains to be demonstrated.

4.2.5 Single guide RNA for CRISPR Cas9-mediated genome Modification

A series of highly precise genome-modifying nucleases, such as zinc finger nucleases,
TALENS, or CRISPR Cas9 present new powerful tools for genome repair or genetic
modification of cells. Intracellular delivery has been achieved in form of DNA22% or
MRNAZ226 based expression constructs, as proteins or (in case of CRISPR Cas9) as
protein/sgRNA ribonucleoprotein formulations.??”> 222 For example, Huang and
colleagues used PEI B-cyclodextrin for efficient delivery of plasmid DNA encoding Cas9
and sgRNA and demonstrated efficient genome editing at two targeted genome loci,
namely, hemoglobin subunit beta and rhomboid 5 homologue 1.22> Green and co-
workers optimized a series of reducible branched ester-amine quadpolymers (rBEAQS,
Figure 4.5) for their ability to coencapsulate and deliver Cas9 DNA plasmids and
sgRNA.?22° Variation of rBEAQs polymer branching, reducibility, and hydrophobicity
resulted in efficient Cas9 DNA and sgRNA codelivery as well as CRISPR-mediated
gene editing utilizing. The group of Siegwart designed zwitterionic amino lipids
nanoparticles (ZNLs) for combined delivery of Cas9 mRNA and sgRNAs.230
Intravenous codelivery of optimized Cas9 mRNA/sgLoxP ZNLs induced expression of
floxed tdTomato protein in the liver, kidneys, and lungs of transgenic mice. Polymers
have also been applied for direct delivery of the Cas9/sgRNA ribonucleoprotein
complex. For example, Sun et al. formulated Cas9/sgRNA into DNA nanoclews
(synthesized by rolling circle amplification) which were coated with PEI.??’Kang et al.
generated cationic polymer- conjugated Cas9 for subsequent complexation with
sgRNA targeting antibiotic resistance. The formed sgRNA polyplexes were efficiently
delivered into methicillin-resistant Staphylococcus aureus (MRSA), resulting in
bacterial genome editing.??® Recently, Liu et al. modified cationic PAMAM G5
dendrimers with phenylboronic acid (PBA) residues; this modification enables binding
with both negatively or positively charged proteins and mediated potent cytosolic
delivery of proteins. Among several examples, successful Cas9 protein/ sgRNA

delivery and genome editing was demonstrated.?3!

4.3 Conclusions and future perspectives

Up to the mid of 2019, approximately 2930 gene therapy trials have been performed,
with nine gene therapy products, eight oligonucleotide products, and one siRNA drug
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approved by the major medical agencies. About 15 gene therapy clinical trials have

reached phase 3, and numerous oligonucleotide and siRNA clinical trials the phases 2
and 3. More information on gene therapy clinical trials worldwide?3? can be obtained

from the web http://www.abedia.com/wiley. Currently, the marketed oligonucleotides

and siRNA are all synthetic products, often presenting chemically modified nucleic
acids in many different variations. Vectors applied in gene therapy products, however,
are all based on viral vectors such as retroviral or adeno-associated viral (AAV) vectors,
reflecting their superior efficacy. Within cationic carriers, lipofection and LNPs have
been most frequently used in clinical translation, as they benefit from a strong
experience of the liposome technology field and straightforward syntheses of rather
small cationic lipids. Their still lower efficacy in comparison to viruses is illustrated, for
example, by the fact that even optimized LNPs deliver less than 1 % of the nucleic acid
cargo into the cytosol.?®® The endosomal barrier presents a large delivery hurdle.
Macromolecular carriers may combine several delivery functions in one chemical entity.
In the past, polymer-based carrier development, however, faced more challenges than
the far more established liposome technology; especially precise synthesis of
monodisperse macromolecules, site-specific introduction of functionalities, and high-
resolution macromolecule analytics were critical factors hindering clinical translation of
polymeric carriers. The recent years demonstrate impressive progress in synthetic and
physicochemical aspects of macromolecules and an expanded knowledge about the
intracellular bottlenecks in delivery. Thus, with further refinement of polymeric carriers
both in design and accurate synthesis, these may play a tremendous role in future
nucleic acid therapeutics. Current development of stimuli-responsive formulations is
directed toward multifunctional nanomachines, which might be supported by physical
forces (such as near-infrared light, ultrasound or magnetic fields) in a remote-controlled
manner. Most importantly, evolutionary algorithms will have to be developed for
optimizing polymeric nanosystems for the real disease targets and target locations in

the human patient.
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4.3.1 Dynamic bioresponsive polymers: toward active nanomachines

As noted in the previous sections, we often face a “delivery dilemma” due to the very
different biophysical requirements during the different steps of delivery. For example,
nanoformulations need to be dynamic in properties, stably transporting their therapeutic
cargo within the bloodstream to the target site, but effectively releasing it at the
intracellular target location. As a solution for this dilemma, stimuli-response carriers
have been proposed,??4236 which can sense the subsequent different biological
microenvironments and respond with changes favorable for the upcoming delivery step.
Alterations in the microenvironment include concentration of protons (such as
acidification in endosomal vesicles or tumor environment) or other ions and low-
molecular weight substrates, differences in specific enzyme concentrations or
microRNAs, or differential oxygenation and redox conditions. Scientists have
programmed their nucleic acid delivery systems by incorporating appropriate sensor
molecules.11% 237 For example, endogenous miR-122 expression levels were utilized as
condition for controlled release of an antagomiR and chemical inhibitor from
mesoporous silica nanoparticles into the diseased cells.?®® Within polymeric delivery

systems, precise bioreducible disulfide or cathepsin B cleavage sites have been
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integrated into lipo-oligoaminoamides to strongly reduce residual carrier cytotoxicity

after the delivery process.?3% 240 The sharp endosomal pH phase transition of pDIPAMA
has been capitalized in block copolymers to trigger a timely and potentiated activity of
lytic peptides for effective endosomal release (VIPER).'?% 125 This completely synthetic
design actually resembles the natural endosomal lipid membrane interaction
mechanism of influenza virus, where in a “spring-loaded” process a conformational
change of the hemagglutinin HA2 unit relocates the amphipathic terminal fusion peptide
by 10 nm from the HA interior toward the endosomal target membrane.?41 242 |t is not
surprising that the impressive performance of natural viruses has inspired many
scientists to generate dynamic nanoagents mimicking viruses in delivery functions but

being based on completely different synthetic building blocks.?43: 244

Neither natural nor current synthetic viruses present autonomous, smart, and active
nanoagents. Smart scientists need to design the nanoagent components to undergo
preprogrammed dynamic changes as part of the delivery process. Current agents are
passive and reactive. Nevertheless, remote control is possible by external physical
triggers such as light, ultrasound, electric or magnetic fields.?3% 245248 This, on the one
hand, may trigger location-selective chemical and structural changes, on the other hand,
this may provide nanoagents with energy and convert them into nanomachines.?49-251
As a recent example, refined plasmonic Janus nanopens were made consisting of a
gold nanoparticle attached to a dielectric alumina shaft.?*8 Balancing optical and
thermophoretic forces allowed Janus nanopens to be positioned on the surface of cells.
The subsequent optical injection into cells involves strong heating of the plasmonic gold
side, but not the alumina shaft, which allowed the functionalization with sensitive

payloads like DNA and, hence, the spatially controlled injection of genetic material.

In summary, there is still a lot of space for refined stimuli-responsive sensors and
effective spacio-temporal integration into dynamic carrier systems. Future development
from purely passive nanoagents toward remote-controlled and active nanomachines

can be expected.

4.3.2 Sequence defined multifunctional polymers: optimizing by artificial
evolution

As outlined above, viruses present perfect models of bioresponsive dynamic
nanoagents. One basis of their success is the definition of all of their multifunctional
nucleic acid and protein components as sequences; these sequences were optimized

by natural evolution. Conceptually, designing polymers as a precise sequence of
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artificial subunits would enable (i) the design of multifunctional polymers with high

precision and (ii) their optimization as delivery carrier by artificial evolution processes.
Such strategies may vyield highly functional carriers, devoid of the immunogenicity
problem that natural viruses and viral proteins face upon their host interaction.
Sequence-defined polymers!?4 127. 128 can be prepared with high precision by solid-
phase synthesis (SPS). For example, Schaffert et al. designed peptide-like
polyaminoamides based on artificial oligoamino acids.'?° By generating polymers with
a defined structure in various topologies (for example, linear, branched three-arm or
four-arms, i-shapes, T-shapes, u-shapes) clear-cut structure— activity relations could
be made.t?%13L. 252 Upon further optimization, including SPS integration of shielding,
targeting, and other functional units, it was realized soon that the different specific
cargos required different carrier sequences, for example for pDNA3 134 or siRNA3% 130,

213, 214, 219 de”\/ery.

With continuously refined polymer synthetic and analytical methods, the chemical
synthetic requirements in the quest for optimized nanocarriers become less challenging
compared with the supramolecular nanoassembly and, predominantly, the design of
the best, most relevant screening systems. In a nutshell, screening in an artificial cell
culture system will eventually yield the carrier system which is most effective within
these artificial conditions. But it becomes evident that the far more relevant in vivo
conditions pose drastically different request toward the carrier.?>3> Dahlman and co-
workers developed a novel strategy for evolutionary in vivo selection, named “Fast
identification of nanoparticle delivery (FIND)”. This is a DNA barcode-based system
designed to measure functional delivery of hundreds differently barcoded nanoparticles
into the cytoplasm of target cells in a single mouse. By these means, in vivo delivery of

MRNA was optimized.?5

Summarizing from the current perspective, multifunctional polymeric carriers can be
synthesized with high precision and need to be optimized and selected for the intended

therapeutic purpose by innovative evolution-based screening technologies.

4.3.3 Multicomponent nanoassemblies: integrating inorganic with organic
materials

The combination of polymeric carriers with inorganic nanoparticles presents a novel
encouraging direction; advantages of hard nanomaterials, such as precise nanopatrticle
sizes and shapes, may synergize with the soft dynamic properties of more flexible

organic polymers. For example, Méller and colleagues optimized mesoporous silica
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nanoparticles (MSN) in inner surface and pore size for interior loading of sSiRNA. Very

high siRNA loading of up to 380 ug/mg MSN was obtained with charge-matched amino-
functionalized mesoporous cores, with up to 80 % siRNA release at 24 h. These
nanoparticles were coated with a lipo-oligopaminoamide polymer, serving as pore
capping and endosomal release agent.?®® In an opposite approach, hybrid
nanoparticles for nucleic acid delivery were generated starting with a polymeric core,
which was surface-coated with an inorganic silica shell. Sukhorukov and colleagues?°®
generated layer-by-layer assembled nanocapsules by alternative deposition of
polyarginine and dextran sulfate onto calcium carbonate patrticles, followed by removal
of the carbonate core. EGFP marker gene mRNA or pDNA, or CRISPR Cas9 sgRNA
expressing pDNA LeGO-Cas-gTom were deposited as shell layers. Tetraethyl
orthosilicate (TEOS) was used as precursor to form a biocompatible surface silica shell.
These carriers mediate more efficient transfection than a commercially available
liposomal reagent for mRNA and pDNA). Delivery of pDNA expressing CRISPR-Cas9
components in a dTomato- expressing HEK293T cell model translated in high-level

knockout in 70 % of cells.

Generation of a poly (DAMA-HEMA) multishelled cationic corona onto AuNP cores by
surface-initiated atom transfer radical polymerization (ATRP) was reported as effective
systemic SiRNA delivery strategy.?®” The amount of SiRNA electrostatically
incorporated into the nanoparticle was tuned by the number of polymeric shells, which
influenced the cellular uptake and gene silencing. Interlayer disulfide bonds release the
siRNA from the polymeric shells under bioreductive cellular environment. Intravenously
injected c-Myc siRNA nanoparticles accumulated in the tumor site and suppressed
tumor growth in a murine lung carcinoma model. Gold nanoparticle cores were also the
basis for polymer- based siRNA delivery in a recent publication by Kataoka and
colleagues.?8 A glucose-PEG-block-p(L-lysine) polymer modified with lipoic acid (LA)
at the w-end formed unimer nanoplexes with siRNA. About 65 of these small polyplexes
were loaded onto a 20 nm gold through Au—-S bonding. The resulting <50 nm glucose-
containing targeted nanopatrticles (Glu-NPs) exhibited higher cellular uptake into MBA-
MB-231 breast cancer spheroid compared with glucose-free control nanoparticles.
Probably due to the higher glucose transporter 1 (GLUT1) expression level on the
cancer stem-like cells (CSCs), the Glu-NPs became more efficiently internalized and
also resulted in enhanced gene silencing in CSC-rich orthotopic MDA-MB-231 tumors
following systemic administration to mice. Repeated administrations of polo-like kinase
1 (PLK1) siRNA nanoparticles significantly suppressed the tumor growth.
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5 Sequence-defined lipo amino cationic carriers for nucleic

acid delivery

5.1 Introduction

The delivery of nucleic acids with transient activity for genetic engineering is a
promising methodology with potential applications in treating diseases ranging from
cancer and infectious diseases to heritable disorders. Within the last two decades, a
series of novel therapeutic nucleic acids (such as plasmid DNA, antisense
oligonucleotides, siRNA, and miRNA) entered a research and clinical evaluation.?%?
Nucleic acids are negatively charged and are occasionally unstable molecules, and
thus their intracellular delivery, in the appropriate place at the appropriate time. In
addition, naked DNA or RNA is prone to degradation. The protective shield must be
efficient in attaching to the cell membrane and enable cell entry, which remains
challenging for the chemistry, materials, and biotechnology fields. Regarding nucleic
acids, DNA- and mRNA-based technologies have been established as extremely
promising approaches to therapy and prevention of numerous diseases. Although
plasmid DNA was the first nucleic acid to be pursued as a therapeutic?®®, in vitro-
transcribed (IVT) mRNA offers several advantages: it does not integrate into the
genome, which is associated with a risk of carcinogenesis?®, and a natural degradation
pathway is in place to ensure that its activity is temporary. From a delivery perspective,
MRNA, which lives in the cytoplasm, does not require transport across the formidable
nuclear membrane?®!. mRNA-based drug technologies have attracted serious attention
over the past years.’®” 262 mRNA has shown therapeutic potential in a range of
applications, including viral vaccines, protein replacement therapies, cancer
immunotherapies, cellular reprogramming, and genome editing. 188. 230, 263-268

We may notice that scientists have frequently researched non-viral vectors for gene
therapy to solve the problems associated with protecting the mRNA molecules and
ensuring efficient and safe delivery across cell membranes. They include lipids, lipid-
like materials, polymers, and protein derivatives.?62 269271 Particularly, lipid
nanoparticles (LNP) have been thoroughly investigated and successfully entered the
clinic for mRNA delivery, for example, the approved in emergency mRNA-12732? and
BNT162b2"3 for the COVID-19. Polyethylenimine (PEI), one of the most intensively
investigated polycations, was utilized for high transfection efficiency.?’42’6 Polyplexes

also present excellent therapies due to their inherent electrostatic abilities to condense
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nucleic acid and promote cellular uptake.'®6: 277. 278 pH also plays a vital role in many

biological processes. The synthetic polymer VIPER contains several blocks, including
the hydrophilic unit OEGMA, cationic domain DMAEMA, and the hydrophobic and pH-
sensitive block DIPAMA. The pH-responsive structures self-assemble into particles at
physiological pH, triggers sharp endosomal pH phase transition, and create effective

endosomal release.?08 279, 280

Compared with other carrier materials, lipid materials are biodegradable, less toxic, and
can incorporate hydrophilic and hydrophobic substances. Solid-phase synthesis (SPS)
derived oligomers have been successfully applied as carriers for pDNA, siRNA, and
MRNA as a well-established method for synthesizing cationic polymers.3: 143,214,277, 281,
282 However, the intravenous administration of cationic lipoplexes or polyplexes often
results in particle instability and nonspecific interactions with blood components that
induce opsonization, aggregation of red blood cells, platelet activation, excessive
biodistribution to the lungs, and, in extreme cases, rapid mortality. 283284 Thus, we focus
on designing peptide-like sequence-defined polymers that combine multifunctionality
with pharmaceutical precision via solid-phase synthesis. The cationic domain and the
hydrophobic units are introduced into one structure to obtain the functionalities of the
components of the structures. In which, the cationic domain is for condensing nucleic
acids. Hydrophobic units are for serum stabilizing, and membrane binding, which
improve the dissociation in the cytoplasm, and decrease cytotoxicity.?8>-287 A new series
of structures containing hydrophilic cationizable building blocks (such Stp) and lipophilic
building blocks (lipo amino fatty acid, LAF) were synthesized in a library approach with
sequence variations, in order to identify suitable carriers for packaging of various
nucleic acids into polyplexes or lipopolyplexes. In a 'chemical evolution' strategy,
physical-chemistry properties and transfection efficiencies as determined by team
colleagues (as will be described in detail in the LMU PhD theses of Paul Folda for
pDNA, Mina Yazdi for siRNA, and Sophie Schlégl for mRNA) provides feedback for

further sequence-optimization of the carriers.
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5.2 Materials and methods

5.2.1 Materials

The solvents, reagents and buffers used for the experiments are summarized in Table

5.1, Table 5.2, and Table 5.3.

Table 5.1 Solvents used for experimental procedures.

Chemicals and solvents (abbreviations) CAS-No. Manufacturer
Dichloromethane (DCM) 75-09-2 Bernd Kraft, Duisburg, Germany
N,N-Dimethylformamide (DMF) 68-12-2 Iris Biotech, Marktredwitz, Germany
Chloroform 67-66-3 VWR Int. (Darmstadt, Germany)
Chloroform-d 865-49-6 Sigma-Aldrich, Munich, Germany
Ethyl acetate 141-78-6 Staub & Co. (Nurnberg, Germany)
Methyl-tert-butyl ether 1634-04-4 Brenntag (Mulheim/Ruhr, Germany)
anhydrous DCM AcroSeal® 75-09-2 Acros Organics, Germany
Methanol 67-56-1 gi:rne]; ﬁ;)ientific (Schwerte,
Acetonitrile (ACN) 75-05-8 VWR Int. (Darmstadt, Germany)
Methanol-d3 1849-29-2 Sigma-Aldrich, Munich, Germany
Ethanol absolute 64-17-5 VWR Int. (Darmstadt, Germany)
Methanol anhydrous AcroSeal® 67-56-1 Acros Organics, Germany

Water 7732-18-5 In-house purification

HEPES 7365-45-9 Biomol (Hamburg, Germany)

Table 5.2. Reagents used for experimental procedures.

Chemicals and solvents (abbreviations) CAS-No. Manufacturer

Oleic acid 112-80-1 Sigma-Aldrich (Munich, Germany)

Phenol 108-95-2 Sigma-Aldrich (Munich, Germany)

Hydrazine monohydrate 7803-57-8 Merck Millipore (Darmstadt,
Germany)

Sodium hydroxide (anhydrous) 1310-73-2 Sigma-Aldrich (Munich, Germany)

6- Aminocaproic acid 60-32-2 Sigma-Aldrich, Munich, Germany

4-Aminobutyric acid 56-12-2 TCl, EUROPE N.V.

Triisopropylsilane (TIS) 6485-79-6 Sigma-Aldrich, Munich, Germany
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Ammonia solution 25 %

Piperidine

Potassium permanganate (KMnO4)
D-(+)-Glucose monohydrate

Triton® X 100

Benzotriazol-1-yl-oxy
tripyrrolidinophosphonium

Octanal

Decanal

Dodecyl aldehyde

Sodium cyanoborohydride (NaBH3CN)
1-Hydroxybenzotriazole (HOBLt)
N,N-Diisopropylethylamine (DIPEA)
Di-tert-butyl dicarbonate (Boc20)
Fmoc-Stp(Bocs)-OH building block
Fmoc-L-Lys(Fmoc)-OH
2-Chlorotrityl chloride resin
Fmoc-L-Lys(Dde)-OH
Boc-L-Lys(Fmoc)-OH
Fmoc-STODTA-OH
Fmoc-N-amido-dPEG12-acid
Fmoc-N-amido-dPEGz2s-acid

Acetic acid

Hydrochloric acid solution (1 M) (1 M
HCI)

Linear polyethylenimine (LPEI)

(3-(4,5-dimethylthiazol-2-yl)-2,5
diphenyltetrazolium bromide) (MTT)

Trifluoro acetic acid (TFA)
1,2-Ethanedithiol (EDT)

Plasmid DNA pDNA

1336-21-6

110-89-4

7722-64-7

28718-90-3

9036-19-5

128625-52-5

124-13-0

112-31-2

112-54-9

25895-60-7

2592-95-2

7087-68-5

24424-99-5

78081-87-5

42074-68-0

204777-78-6

84624-27-1

172089-14-4

756526-01-9

756526-01-9

64-19-7

7647-01-0

9002-98-6

298-93-1

76-05-1

540-63-6

Carl Roth (Karlsruhe, Germany)

Iris Biotech (Marktredewitz,
Germany)

Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich (Munich, Germany)
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany

Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Sigma-Aldrich, Munich, Germany
Iris Biotech, Marktredwitz, Germany
Sigma-Aldrich, Munich, Germany
In-house synthesis

Iris Biotech, Marktredwitz, Germany
Iris Biotech, Marktredwitz, Germany
Iris Biotech, Marktredwitz, Germany
Iris Biotech, Marktredwitz, Germany

Sigma-Aldrich (Munich, Germany)

Quanta Biodesign (Powell, Ohio,
USA)
Quanta Biodesign (Powell, Ohio,
USA)

Bernd Kraft, Duisburg, Germany
Bernd Kraft, Duisburg, Germany
In-house synthesis

Sigma-Aldrich, Munich, Germany
Iris Biotech, Marktredwitz, Germany

Sigma-Aldrich, Munich, Germany

Plasmid pCMVLuc Plasmid Factory
GmbH, Bielefeld, Germany
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SiRNA Axolabs, Kulmbach, Germany
CleanCap FLuc mRNA (5moU) Trilink Biotechnologies, San Diego
CleanCap Fluc mRNA Trilink Biotechnologies, San Diego

Table 5.3. Buffers used for experimental procedures

Buffer Composition

10 mM HCI solvent for size exclusion 693 mL water, 300 mL acetonitrile, 7 mL 1 M HCI
chromatography solution

6 mL glycerine, 1.2 mL 0.5 M EDTA solution (pH 8.0),

Electrophoresis loading buffer 2.8 mL H20, 20 mg bromophenol blue

ACN buffer (0.1 %TFA) for High-

performance liquid chromatography (HPLC) 899.1 mL ACN, 0.9 mL TFA

Water (0.1 %TFA) 899.1 mL water, 0.9 mL TFA

HEPES buffered glucose (HBG) 20 mM HEPES, 5 % glucose, pH 7.4

A: 80 % (w/v) phenol in EtOH; B: 5 % (w/v) ninhydrine
Kaiser test solutions in EtOH; C: 20 uM KCN in pyridine (2 mL of 1 mM KCN
(ag) in 98 mL of pyridine)
KMnO, staining solution for thin layer 1.5 g KMnO4+ 10 g K,CO3 + 1.25 mL 10 % NaOH (w/v)
chromatography (TLC) plate + 200 mL H;0.

5.2.2 Cell culture

Cell culture work was carried out by Sophie Schil6gl, Paul Folda and Mina Yazdi
(Pharmaceutical Biotechnology, LMU Miuinchen) using the murine Neuro 2A
neuroblastoma cell line (N2a wt) or its eGFP-luciferase gene modified version N2a
eGFPLuc.

Table 5.4. Overview of the used cell lines and corresponding culture media.

Cell line Description Medium
Neuro-2a
(N2a cell) Mouse neuroblastoma cells DMEM
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5.2.3 Methods

5.2.3.1 Synthesis of lipo amino fatty acid (LAF) 80c

W\/\/N\/\/\/\)]\O H

The lipo amino fatty acids (LAFs) 80c (C8 dialkylated 8-aminooctanoic acid) was
synthesized by the reductive amination via reactions of octanal with 8-aminooctanoic
acid. The synthesis of 80c is briefly described as below: the 8-aminooctanoic acid (200
mg, 1.26 mmol, 1 eq) and octanal (644.2 mg, 5.02 mmol, 4 eq) in a 20 mL of anhydrous
methanol solution were added in the 100 mL of round bottom flask followed by the
addition of the sodium cyanoborohydride (NaBH3CN, 315.6 mg, 5.02 mmol, 4 eq). The
reaction mixture stirred for 20 min. Afterwards, 1.5 eq of acetic acid (108 yL, 1.88 mmol)
was added to the solution, the reductive amination reaction was performed for 48 hours
at room temperature. The mixture was monitored by thin layer chromatography (TLC)
using the optimized ratio of solvent DCM/MeOH, basic potassium permanganate
KMnOas stain to check the aldehyde complete consumption. The mixture solvent was
removed under reduced pressure evaporator. To remove the excess of reducing
agents, the dry mixture was redissolved in pure DCM, the insoluble sodium solid was
filtered, and the filtrate was further concentrated to 5 mL. The crude product was
purified by silica gel column chromatography (gradient: CH2Cl2/MeOH from 100:0 to
15:1). The products were confirmed by ESI-MS and 'H-NMR.

C24H49NO2, the yield was 72 %, colorless oil.

5.2.3.2 Synthesis of LAF 100c

\/\/\/\/\/N\/\/\/\)J\OH

The dialkylated lipo amino fatty acid 100c¢ (C10 dialkylated 8-aminooctanoic acid) was
synthesized by the reductive amination reactions of decanal with 8-aminooctanoic acid.
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8-Aminooctanoic acid (200 mg, 1.26 mmol, 1 eq) and decanal (784.9 mg, 5.02 mmaol,

4 eq) in a 20 mL of anhydrous methanol solution were added in the 100 mL of round
bottom flask, then the sodium cyanoborohydride (NaBH3CN, 315 mg, 5.02 mmol, 4 eq)
was added, and the mixture stirred for 20 min. Afterwards, 1.5 eq of acetic acid (107.83
ML, 1.88 mmol) was added to the solution, the reductive amination reaction proceeded
for 48 hours at room temperature. The mixture was monitored by thin layer
chromatography (TLC) using the optimized ratio of solvent DCM/MeOH, basic
potassium permanganate KMnOg stain to check the aldehyde complete consumption.
The mixture solvent was removed under reduced pressure evaporator. To remove the
excess of reducing agents, the dry mixture was redissolved in pure DCM, the insoluble
sodium solid was filtered, and the filtrate was further concentrated to 5 mL. The The
crude product was purified by silica gel column chromatography (gradient:
CH2Cl2/MeOH from 100:0 to 20:1). The products were confirmed by ESI-MS and H-
NMR.

C2sHs7NO2, colorless oil.

5.2.3.3 Synthesis of LAF 120c

P N N NP NN OH
N/\/\/\/T

The dialkylated lipo-amino fatty acid 120c (C12 dialkylated 8-aminooctanoic acid) was
synthesized by the reductive amination reactions of dodecanal with 8-aminooctanoic
acid. Because the different solubility of 8-aminoocanoic acid and dodecanal, the
protocol for the synthesis was changed compared to the previous one. Briefly, the
synthesis of 120c is according to this protocol: the 8-aminooctanoic acid (200 mg, 1.26
mmol, 1 eq) was added to a 100 mL round bottom flask, and the mixture solution of
Dodecanal (925.8 mg, 5.02 mmol, 4 eq) in 10 mL of THF was added into the flask
followed by the addition of a 15 mL of anhydrous methanol solution. The corresponding
amount of sodium cyanoborohydride (NaBHsCN, 315.6 mg, 5.02 mmol, 4 eq) was
added, and the mixture stirred for 20 min. Afterwards, 1.5 eq of acetic acid (107.8pL,
1.88 mmol) was added into the solution, the reductive amination reaction was kept for
48 hours at room temperature. The mixture was monitored by thin layer
chromatography (TLC) using the optimized ratio of solvent DCM/MeOH, basic
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potassium permanganate KMnOs stain to check complete consumption of the

aldehyde. The mixture solution was diluted with 5 mL of water and extracted with ethyl
acetate (20 ml) three times. The organic phase was dried with anhydrous sodium
sulfate, and the solvent was removed and concentrated to a volume of 5 mL under
reduced pressure evaporator. The crude product was purified by silica gel column
chromatography (gradient: CH2Cl2/MeOH from 100:0 to 25:1). The products were
confirmed by ESI-MS and *H-NMR.

C32HesNO2, colorless oil.

5.2.3.4 Loading of a 2-chlorotrityl chloride resin with an Fmoc protected amino

acid

Typically, 1000 mg of 2-chlorotrityl chloride resin (1.56 mmol chloride) is pre-swollen in
anhydrous DCM in the 10 mL of syringe for 20 min, the DCM was then removed by
filtration. Dissolved the first Fmoc protected amino acid (e.g. Stp loading for comb,
bundle and T-shape structures; Fmoc-L-Lys (Dde)-OH for U-shape structures; 0.3 eq,
with DIPEA 3 eq) in anhydrous DCM and added to the resin for reaction for 75 min. The
reaction solvent was drained and a capping solution consisting of DCM/MeOH/DIPEA
(4 mL DCM, 3 mL MeOH and 500 uL DIPEA per 1000 mg of resin) was added to the
resin for 60 min to transform residual free chlorides into unreactive methoxy ethers.
After removal of the reaction mixture, the resin was washed 3 times with DMF and 3
times with DCM. The resin was dried under the vacuum, and then weighed 5-10 mg of
the resin for 3 eppes to determine the loading efficiency of the resin. 1 mL Fmoc
deprotection solution (20 % piperidine in DMF, v/v) was added to each sample and
incubated for 75 min at 700 rpm, 25°C. The samples were then vortexed and got the
beads to settle down. The 25 pL of reaction solution supernatant was diluted with 975
pL of DMF, and 25 pL of Fmoc deprotection solution diluted in 975 uL of DMF was used
as blank control, the absorption of the dilution was measured by a Genesys 10S UV-vis
photometer at 301 nm. The loading of each sample in the eppes was then calculated
according to the following equation: resin load [mmol g*] = (Ax1000) x (m [mg] x
7800xdf)* with df as a dilution factor. The average of three values gave the respective
resin loading efficiency. The remaining resin was treated 3 times with Fmoc
deprotection solution to remove the Fmoc protection group. The reaction progress was
monitored by Kaiser test. The resin was washed with 3 times of DMF, 3 times of DCM
after each coupling step and deprotection step. Afterward, the resin was dried in vacuo
and stored at 4°C.
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5.2.3.5 Synthesis of comb structures containing LAFs

H,NY K Stp H

€ n m

LAF

The Fmoc-protected Stp-loading resin was pre-swollen for 20 min in DCM or overnight
in DMF (peptide grade) before the first deprotection step. Fmoc was cleaved by the 20 %
piperidine in DMF treatments, followed by extensive washing with DCM and DMF three
times. The next couplings of polyamine building block Fmoc-protected Stp or amino
acid Fmoc-Lys (Dde)-OH were done by dissolving of Fmoc-building block/amino acid
(4 eq), PyBOP (4 eq), HOBLt (4 eq), DIPEA (8 eq) in the minimal amount of DMF/DCM
and transferred to the reactor. After 75 min the completeness of the coupling reaction
was checked by Kaiser test. The last Fmoc-Lys (Dde)-OH was coupled to the backbone
and after the removal of the Fmoc protecting group, the N-terminal NHz-group was
protected with 10 eq Di-tert-butyl dicarbonate (Boc anhydride) and 10 eq DIPEA in DCM.
Dde-deprotection protocol was accomplished by using Dde-deprotection solution (2 %
hydrazine in DMF, v/v, 15 x 2 min). Afterwards, the resin was washed with 5 times DMF,
5 times 10 % DIPEA in DMF and then 3 times DCM (10 mL g* resin). The LAFs
coupling was done by dissolving the LAFs/DIPEA and Pybop/HOBt in DCM and DMF
with 1 % of Triton, respectively, reacting for 2- 4 hours, the equivalences were changed
referring to the number of free amines after the Dde deprotection. After the final reaction
step the resin was washed with DMF, DCM and checked by Kaiser test, and dried in
vacuo. For cleavage, the pre-cooled resin was suspended in a pre-cooled solution of
TFA/TIS/H20 (95/2.5/2.5, viviv) and agitated for 1 hour. The cleavage solution was
drained and collected. The resin was washed once with TFA. The collected solutions
were concentrated with nitrogen flow to approximately 1 mL, and further mixed with 2
mL ethanol. The clear solutions were dialyzed against pure ethanol using a
Spectra/Por® Dialysis Membrane, MWCO 2K Da for 4 hours and further dialyzed
against water with 10 mM HCI for another 24 h. The samples were lyophilized to obtain
the products, characterization was performed by MALDI-TOF-MS and *H-NMR.
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5.2.3.6 Synthesis of bundle structures containing LAFs

B1 [LAF|, B2 [LAF jg
>|K]—E[StpH—OH AR LK |,
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The Fmoc-protected Stp-loading resin was pre-swollen for 20 min in DCM or overnight

in DMF (peptide grade) before the first deprotection step. Fmoc was cleaved by the 20 %
piperidine in DMF treatments, followed by extensive washing with DCM and DMF three
times. The next couplings of polyamine building block Fmoc-protected Stp or amino
acid Fmoc-Lys (Fmoc)-OH were done by dissolving of 4 eq Fmoc-building block/amino
acid, 4 eq PyBOP,4 eq HOBt, 8 eq DIPEA (two-fold equivalence for the second Fmoc-
Lys (Fmoc)-OH coupling of B2 structures) in the minimal amount of DMF/DCM and
transferred to the reactor. After 75 min the completeness of the coupling reaction was
checked by Kaiser test. After the Fmoc deprotection, the LAFs coupling was done by
dissolving the LAFs/DIPEA and Pybop/HOBt in DCM and DMF with 1 % of Triton,
respectively, reacting for 2- 4 hours, the equivalences were changed referring to the
number of free amines. After the final reaction step the resin was washed with DMF,
DCM and checked by Kaiser test, and dried in vacuo. For cleavage, the r pre-cooled
resin was suspended in a pre-cooled solution of TFA/TIS/H20 (95/2.5/2.5, viviv) and
agitated for 1 hour. The cleavage solution was drained and collected. The resin was
washed once with TFA. The collected solutions were concentrated with nitrogen flow
to approximately 1 mL, and further mixed with 2 mL ethanol. The clear solutions were
dialyzed against pure ethanol using a Spectra/Por® Dialysis Membrane, MWCO 1000
Da for 4 hours and further dialyzed against water with 10 mM HCI for another 24 h. The
samples were lyophilized to obtain the products, characterization was performed by
MALDI-TOF-MS and *H-NMR.

5.2.3.7 Synthesis of T-shape structures containing LAFs

H,N-H Stp }{* K]—E[St ]}OH
T1 Hzn{[StpH:E[ K }i—E[StpH-OH T2 2{[ pHm_[ . =N
e m K |
<
-

The Fmoc-protected Stp-loading resin was pre-swollen for 20 min in DCM or overnight
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in DMF (peptide grade) before the first deprotection step. Fmoc was cleaved by the 20 %

piperidine in DMF treatments, followed by extensive washing with DCM and DMF three
times. The next couplings to the backbones of polyamine building block Fmoc-
protected Stp or amino acid Fmoc-Lys (Dde)-OH were done by dissolving of 4 eq Fmoc-
building block/amino acid, 4 eq PyBOP,4 eq HOBt, 8 eq DIPEA in the minimal amount
of DMF/DCM and transferred to the reactor. After 75 min the completeness of the
coupling reaction was checked by Kaiser test. The last Fmoc-protected Stp was
coupled to the backbone and after the removal of the Fmoc protecting group, the N-
terminal NHz2-group was protected with 10 eq Di-tert-butyl dicarbonate (Boc anhydride)
and 10 eq DIPEA in DCM. Dde-deprotection protocol was accomplished by using Dde-
deprotection solution (2 % hydrazine in DMF, v/v, 15 x 2 min). Afterwards, the resin
was washed with 5 times DMF, 5 times 10 % DIPEA in DMF and then 3 times DCM (10
mL g resin). For T2 structures, before the LAFs coupling step, another Fmoc-Lys
(Fmoc)-OH was coupled using the same coupling conditions. The LAFs coupling was
done by dissolving the LAFs/DIPEA and Pybop/HOBt in DCM and DMF with 1 % of
Triton, respectively, reacting for 2- 4 hours, the equivalences were changed referring
to the number of free amines after the Dde/Fmoc deprotection. After the final reaction
step the resin was washed with DMF, DCM and checked by Kaiser test, and dried in
vacuo. For cleavage, the pre-colded resin was suspended in a pre-colded cleavage
solution of TFA/TIS/H20 (95/2.5/2.5, viviv) and agitated for 1 hour. The cleavage
solution was drained and collected. The resin was washed once with TFA. The
collected solutions were concentrated with nitrogen flow to approximately 1 mL, and
further mixed with 2 mL ethanol. The solutions were dialyzed against pure ethanol using
a Spectra/Por® dialysis membrane, MWCO 1000 Da for 4 hours and further dialyzed
against water with 10 mM HCI for another 24 h. The samples were lyophilized to obtain

the products, characterization was performed by MALDI-TOF-MS.

5.2.3.8 Synthesis of U-shape (U1 and U2) structures containing LAFs

The Fmoc- Lys (Dde) OH -loading resin was pre-swollen for 20 min in DCM or overnight

in DMF (peptide grade) before the first deprotection step. Fmoc was cleaved by the 20 %
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piperidine in DMF treatments, followed by extensive washing with DCM and DMF three

times. The next couplings to the backbones of polyamine building block Fmoc-
protected Stp or amino acid Fmoc-Lys (Dde)-OH were done by dissolving of 4 eq Fmoc-
building block/amino acid, 4 eq PyBOP,4 eq HOBt, 8 eq DIPEA in the minimal amount
of DMF/DCM and transferred to the reactor. After 75 min the completeness of the
coupling reaction was checked by Kaiser test. After the completeness of Fmoc-Lys
(Dde)-OH, the N-terminal NH2-group was protected after the Fmoc deprotection with
10 eq Di-tert-butyl dicarbonate (Boc anhydride) and 10 eq DIPEA in DCM. Dde-
deprotection protocol was accomplished by using Dde-deprotection solution (2 %
hydrazine in DMF, v/v, 15 x 2 min). Afterwards, the resin was washed with 5 times DMF,
5 times 10 % DIPEA in DMF and then 3 times DCM (10 mL g resin). For U2 structures,
before the LAFs coupling step, Fmoc-Lys (Fmoc)-OH was coupled using the same
coupling conditions. The LAFs coupling was done by dissolving the LAFs/DIPEA and
Pybop/HOBt in DCM and DMF with 1 % of Triton, respectively, reacting for 2- 4 hours,
the equivalences were changed referring to the number of free amines after the
Dde/Fmoc deprotection. After the final reaction step the resin was washed with DMF,
DCM and checked by Kaiser test, and dried in vacuo. For cleavage, the pre-colded
resin was suspended in a pre-colded cleavage solution of TFA/TIS/H20 (95/2.5/2.5,
v/vlv) and agitated for 1 hour. The cleavage solution was drained and collected. The
resin was washed once with TFA. The collected solutions were concentrated with
nitrogen flow to approximately 1 mL, and further mixed with 2 mL ethanol. The solutions
were dialyzed against pure ethanol using a dialysis membrane, MWCO 1000 Da for 4
hours and further dialyzed against water with 10 mM HCI for another 24 h. The samples
were lyophilized to obtain the products, characterization was performed by MALDI-
TOF-MS and *H-NMR.

5.2.3.9 Synthesis of U-shape (U3 and U4) structures containing LAFs

The Fmoc- Lys (Dde) OH -loading resin was pre-swollen for 20 min in DCM or overnight

in DMF (peptide grade) before the first deprotection step. Fmoc was cleaved by the 20 %
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piperidine in DMF treatments, followed by extensive washing with DCM and DMF three

times. The next couplings to the backbones of polyamine building block Fmoc-
protected Stp or amino acid Fmoc-Lys (Dde)-OH were done by dissolving of 4 eq Fmoc-
building block/amino acid, 4 eq PyBOP,4 eq HOBt, 8 eq DIPEA in the minimal amount
of DMF/DCM and transferred to the reactor. After 75 min the completeness of the
coupling reaction was checked by Kaiser test. For U3 structures, after the
completeness of Fmoc-protected Stp, one more Fmoc-Lys (Fmoc)-OH was coupled to
the backbone, followed by the Fmoc deprotection using the 20 % piperidine in DMF
solution and Dde deprotection using the Dde deprotection cocktail (2 % hydrazine in
DMF, vlv, 15 x 2 min, afterwards, the resin was washed with 5 times DMF, 5 times 10 %
DIPEA in DMF and then 3 times DCM). For U4 structures, after the last Stp coupling
step, the Fmoc protecting group and the Dde protecting group were cleaved by using
the Fmoc deprotection cocktail and Dde deprotection protocol, respectively. The resin
was further washed with 5 times 10 % DIPEA in DMF and then 3 times DCM. Then,
Fmoc-Lys (Fmoc)-OH was coupled using the common coupling conditions. The LAFs
coupling of U3 and U4 structures was done by dissolving the 12 eq LAFs and 24 eq
DIPEA, 12 eq Pybop/ 12 eq HOBt in DCM and DMF with 1 % of Triton, respectively,
reacting for 2- 4 hours. After the final reaction step the resin was washed with DMF,
DCM and checked by Kaiser test, and dried in vacuo. For cleavage, the pre-colded
resin was suspended in a pre-colded cleavage solution of TFA/TIS/H20 (95/2.5/2.5,
v/vlv) and agitated for 1 hour. The cleavage solution was drained and collected. The
resin was washed once with TFA. The collected solutions were concentrated with
nitrogen flow to approximately 1 mL, and further mixed with 2 mL ethanol. The solutions
were dialyzed against pure ethanol using a Spectra/Por® Dialysis Membrane, MWCO
1000 Da for 4 hours and further dialyzed against water with 10 mM HCI for another 24
h. The samples were lyophilized to obtain the products, characterization was performed
by MALDI-TOF-MS and 'H-NMR.

5.2.3.10 Kaiser test

Free amines of deprotected amino acids on the resin were determined qualitatively by
the Kaiser test.’¥” A small sample of DCM washed resin was transferred into an
Eppendorf reaction tube. One drop of each 80 % phenol in EtOH (w/v), 5 % ninhydrin
in EtOH (w/v) and 20 uM potassium cyanide (KCN) in pyridine (mixture of 1 mL aqueous
0.001 M KCN solution and 49 mL pyridine) were added. The tube was incubated at 99
°C for 4 min under shaking. The presence of free amines was indicated by blue color.
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5.2.4 Analytical methods
5.24.1 ESI mass spectrometry

The testing samples were dissolved in CHCIs to a concentration of 1 mg/mL.
Electrospray ionization (ESI) mass spectrometry was carried out using a Thermo
scientific LTQ FT Ultra Fourier transform ion cyclotron and an lonMax source. Data is
shown after positive ionization as (M+X). Samples were kindly processed by Dr.
Werner Spahl from the analytical core facility at the Department of Chemistry, LMU

Munich.
5.2.4.2 MALDI-MS Analysis

The MALDI-TOF mass spectrometry matrix solution contains 10 mg/mL Super-DHB
(90/10 m/m mixture of 2,5-dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic
acid) in 69.93/30/0.07 (v/v/v) H20O/acetonitrile/trifluoroacetic acid. 1 yL of matrix solution
was spotted on an MTP AnchorChip (Bruker Daltonics, Germany). After crystallization
of 1 uL matrix solution, 1 uL of sample solution (1 mg/mL in water) was added onto the
matrix spot. Samples were analyzed using an Autoflex Il mass spectrometer (Bruker

Daltonics, Germany). All spectra were recorded in positive ion mode.
5.2.4.3 Proton 'H NMR spectroscopy

H NMR spectra were recorded using an AVANCE 11l HD 400 (400 MHz) by Bruker with
a 5 mm CPPBBO probe. All spectra were recorded without TMS as internal standard
and therefore all signals were calibrated to the residual proton signal of the Chloroform-
d (CDCI3) or Methanol-d4 (CD3OD) solvent. Chemical shifts are reported in ppm and
refer to the solvent as internal standard. Integration was performed manually. The

spectra were analyzed using MestreNova (Ver. 9.0 by MestReLab Research).
5.2.4.4 Analytical RP-HPLC

Reversed-phase HPLC (RP-HPLC) was carried out with a VWR-Hitachi Chromaster
5160 Pump System (VWR, Darmstadt, Germany), VWR-Hitachi Chromaster 5260
Autosampler (VWR, Darmstadt, Germany) and a Diode Array Detector (VWR-Hitachi
Chromaster 5430; VWR, Darmstadt, Germany) at 214 nm detection wavelength. As a
column either a YMC Hydrosphere 302 C18 (YMC Europe, Dinslaken, Germany) or a
Waters Sunfire C18 (Waters, Saint-Quentin en Yvelines Cedex, France) was used. A
gradient starting at 95: 5 (water / acetonitrile) to 0: 100 within 20 min was applied. All

solvents were supplemented with 0.1 % trifluoroacetic acid.
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5.2.5 Polyplex formation

Nucleic acid and calculated amounts of aminolipid at indicated N/P
(nitrogen/phosphate) ratios were diluted in separate tubes of HBG (20 mM of HEPES,
5 % glucose (w/v), pH 7,4). All protonable nitrogens of the Stp (succinoyl-tetraethylene
pentamine) units and tertiary amines of the LAFs were considered in the N/P ratio
calculations. Equal volumes of nucleic acid solution and aminolipid solution were mixed
by rapid pipetting and incubated 40 minutes at room temperature in a closed Eppendorf
reaction tube. The final concentration of nucleic acid in the polyplex solution was 12,5
ng/uL for mRNA (CleanCap FLuc mRNA (5moU) (Trilink Biotechnologies, San Diego)
or CleanCap Fluc mRNA (Trilink Biotechnologies, San Diego)), 10 ng/uL for pDNA
(Plasmid pCMVLuc Plasmid Factory GmbH, Bielefeld, Germany) and 25 ng/uL for
siRNA (Axolabs, Kulmbach, Germany) siRNA silencing eGFPLuc (siGFP) (sense: 5'-
AUAUCAUGGCCGACAAGCAdTsdT-3; antisense: 5'-
UGCUUGUCGGCCAUGAUAUdTsdT-3'); control siRNA  (siCtrl) (sense: 5'-
AUuGUAUUGGCccUGUAUUAGdTsdT-3"; antisense: 5-CuAAUACAGGCCcAAUACAUdTsdT-
3'); small letters indicate 2'methoxy modifications; “s” indicates phosphorthioate

linkages).
5.2.6 Transfection efficiency of polyplexes in neuroblastoma cells

Transfection efficiency of polyplexes was evaluated in N2a neuroblastoma cells as will
be described in detail in the LMU PhD theses of Paul Folda (for pDNA), Mina Yazdi (for
siRNA) and Sophie Schilégl (for mRNA). For luciferase pDNA and luciferase mRNA ;10
000 N2a wt cells/well were seeded in 96-well plates. For siRNA, 5 000 N2a eGFPLuc
cells/well were seeded in 96-well plates. Luciferase activity of cell lysate was measured
and transfection efficiency (for pPDNA and mRNA) was presented as relative light units
(RLU) per well. For siRNA polyplex transfection, gene silencing activity was presented
as percentage of the luciferase gene expression (100 %) obtained with HBG buffer-
treated cells, comparing siGFP transfected cells with siCtrl transfected N2a eGFPLuc

cells.
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5.3 Results and discussion
5.3.1 Design of novel lipids

Nucleic acid therapy is highly dependent on safe and effective delivery systems to
protect cargo from degradation and deliver it to target cells for efficient uptake. Non-
viral vectors, compared to the viral vectors, for nucleic acid delivery have many
advantages, such as more safety, less toxicity, and immunogenicity.8 28 A number of
cationic lipid-based carriers have also been shown to be very efficient in cell
transfection in vitro and in vivo in nucleic acid delivery.?®® 291 The cationic lipid
molecules mainly contain three functional domains: a positively charged polar head
group, a hydrophobic region, and a linker that tethers the cationic group and
hydrophobic groups. The previous work proved that the single-tailed lipids are less
effective and more toxic than their double-tailed counterparts.?®? The ionizable cationic
lipids, especially for both COVID-19 vaccines as mRNA-LNP formulation, consist of
tertiary amine with branched long alkyl chains and a polar head. The lipids are required
to form complexation with mRNA and then delivered into cytosol. In our lab's previous
work with cationic polyplexes, the results have shown that the lipopolyplexes,
composed of synthetic positively charged oligomers and negatively charged nucleic
acid, possess effective results in SiRNA, pDNA and mRNA via chemical evolution

through libraries with sequence variations of the carrier,?77: 282, 293

Based on these findings, firstly we designed a set of lipo-amino-fatty acids (LAFs) with
tertiary amines and long alkyl chains. The LAFs, lipophilic cationizable building blocks,
can be synthesized via reductive amination from small molecule aldehyde and fatty
acid carrying an amino group. The carboxylic acid group in the LAFs can be applied for
the next coupling in SPS. Stp, a short linear oligoethylenimines instead of
propylenimine used as amine building blocks, were previously found to possess
superior gene transfer properties. Then next, we explored the novel combination of
lipophilic cationizable building blocks (LAFs) and cationizable hydrophilic building block
(Stp) necessary for an astonishingly high effect. The method to achieve the
combination is solid-phase synthesis (SPS), as it is an ideal tool for the synthesis of
precise, sequence defined polymers and can with the right set of protocols. Branching
points were introduced by lysines, which provide two amines after deprotection during
synthesis. So, these synthetic structures via SPS allow the study of structure-activity
relationships (SAR) in more detail and offer increased control over the polymer and

thereby the possibility of fine-tuning their properties. By screening them for in vitro
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transfection capabilities and correlating these to their biophysical parameters, useful

SARs and promising lead candidates should be identified.
5.3.2 Synthesis of LAFs via reductive amination

The lipo-amino-fatty acids (LAFs) were synthesized via reductive amination reaction.
The reductive amination of aldehydes and ketones is an important and efficient method
for synthesizing primary, secondary, and tertiary amines. It involves a one- or two-step
procedure in which an amine and a carbonyl compound condense to afford an imine or
iminium ion that is reduced in situ or subsequently to form an amine product. This
reaction procedure's common mild reducing agents are Na(OAc)sBH and NaBHsCN.
Acetic acid (AcOH) is frequently employed as a proton donor, in reductive amination, it
also acts as catalyst, as the reactions are generally conducted at pH ~ 5. Sodium
borohydride (NaBHz3) is a reducing agent frequently used in this imine reducing reaction
process. However, carbonyl compounds or the carboxylic group are reduced to
alcohols under acidic conditions after a long incubation, presumably via a protonated

carbonyl cation, which is not as our desired structures. The carboxylic group is also

/N/\/\/\ OH
OH MeOH, AcOH y | X
\W\/\[r + HZNN/\H/ ° © ) - 0

NaBH,CN, RT

80c 100c 120c

necessary for our next coupling and compatibility with solid phase synthesis.

Scheme 5.1. Schematic of the LAFs synthesis via reductive amination. x or y is the number of
ethylene units in the aldehyde, amino fatty acid, or the products (x =3,y =1, y=2,y=3is
80c¢, 100c and 120c, respectively). The reaction condition: MeOH as solvent, AcOH as

catalyst, NaBH3;CN as reducing agent, at room temperature.

The synthetic strategy to convert aldehyde and amino fatty acid reactants into the lipo-
amino-fatty acid building block required the specific condition via reductive amination
in one step (shown in Scheme 5.1). The carbonyl group is reacted with an amine to
form an imine (Schiff base), which is then reduced to an amine with reducing agents.
The reaction should be carried out under weak acid conditions, because on the one
hand, weak acid conditions make carbonyl protonation to enhance the electrophilicity
and promote the reaction. On the other hand, it also avoids the occurrence of

nucleophilic decline caused by excessive protonation of amines. To avoid the side
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products (reduced to alcohol), the mild reducing agent NaBH3CN was utilized for
reducing the imine, because the electricity-absorbing induction effect of the cyano
group of NaBH3CN weakens the activity of boron-hydrogen bonds so that sodium
cyanoborohydride can only selectively reduce Schiff bases without reducing the
carbonyl group of aldehydes and ketones, thus avoiding the occurrence of side
reactions. The common solvent used here is methanol, the mixture THF/MeOH is more
suitable for dissolving the longer chain of aldehyde such dodecanal reactants. Excess
of aldehyde was added in the reaction for avoiding the mono-alkylated reaction. Thin
layer chromatography (TLC) is important for monitoring the reaction process. Staining
the TLC plate with basic potassium permanganate (KMnQOa) stain, alcohols, amines,
and aldehyde will appear readily on a TLC plate following immersion into the stain

solution as yellow spots, the product was further treated and purified.

The excess of reducing agents were filtered after mixing the dry mixture in DCM, the
crude product was purified by column chromatography with the gradient DCM/MeOH.
The purification of the LAFs was examined by some characteristic methods, as ESI-
MS and 'HNMR identified the products, 120c as example, see Figure 5.1. Other
characterizations of structures are shown in the Appendix.
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Figure 5.1. (A). Exemplary ESI-MS spectrum of 120c in positive mode. (B). The *HNMR
spectrum of 120c in solvent Chloroform-d (CDCIs). The integration of every specific peak that

refers to the hydrogens of the structure was performed manually.
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5.3.3 Synthesis of different topologies of carriers

(A) Building Blocks (B)cationizable Domains _ (C) carrier Topologies

apolar Diblocks: combs and bundles LAE) ,
LAF : B K on

LAFK,n=1,24,6 Lipophilic center and T-shapes
(55 e I
- 80c 100c  120c a - " K
K — \\3] A
: s 5
Lipophilic ends and U-shapes ’
LAF,K
Sijp LAF:
H " o amide-linked
HzN/\/N\/\N/\/N\/\N)WOH
H H 3 polar

o)
0K P _E[@}
NH, NH, m

(a, € amide connector)
Stp:
terminal amide linkages

* nonprotected forms shown

Figure 5.2. Overview over (A) the used building blocks, (B) the cationizable domains and (C)

different carrier topologies in the novel lipid design.

Polyethylenimines (PEI) show the high transfection activity, due to the protonatable
diaminoethane motif possessing unique properties as a “proton sponge” for the
endosome buffering and destabilization.?%* 2% The inspired artificial amino acid
succinoyl tetraethylene pentamine (Stp), as a polar domain, was applied together with
lysine (K, as branching connectors) and LAFs (apolar cationizable domain) to generate
a library of defined structures. Different topologies of carriers were designed and
synthesized via SPS approach. Figure 5.2 and Table 5.1 give an overview over the set
of compounds. The first variant class, the first topologies (diblocks: combs and bundles)
consist of a continuous Stp sequence with the branched LAF1K or LAF2K domains.
The Stp was placed at the head or central position of the branched lysine for
complexing and condensing to form particles with the hydrophobic LAFs. The next
topologies are chains with lipophilic domain at the center (T-shape), and chains with
two diacylation sites at the ends (U-shape). In the second carrier class, each domain's
influence in the structures was investigated, such as applying replacements for the Stp

and LAF, respectively.

For the synthesis of these carriers, the standard Fmoc SPS conditions were used. The
addition of Triton-X increased the efficiency of coupling reactions to eliminate the steric
hindrance. All compounds were identified by MALDI-TOF-MS. Some of *H-NMR and
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RP-HPLC data can be found in the Appendix.
Table 5.1. ID numbers, topologies, sequences, and the amount of polar domain (m)

and apolar domain (n) of the synthesized Stp/120c-contained structures.

ID Topology m n Sequence (N=>C)

Blocks (comb)

1700 C 10 - Stpio

1701 C 10 2 [K]2-Stp1o

1615 C 1 2 [K(120Oc)]>-Stp

1616 C 1 4 [K(120Oc)]4-Stp

1617 C 1 6 [K(120c)]e-Stp

1704 C 10 2 [K(120c)]2-Stp1o

1705 C 10 4 [K(120Oc)]a-Stp1o

1706 C 10 6 [K(120Oc)]e-Stp1o

1707 C 2 4 [K(120Oc)]4-Stp2

1708 C 2 2 [K(120c)]2-Stp2

1709 C 4 4 [K(120c)]4-Stpa4

Lipidic Center / T-Shapes

1563 T1 2 1 Stp.-K(120c¢)-Stp2

1714 T1 1 2 Stp-[K(120c)].-Stp

1715 T2 1 Stp-K[K(120c¢)]-Stp
Bundles

1614 B1 1 K(120Oc).-Stp

1710 Bl 2 K(120c)2-Stp2

1613 B2 1 K[K[120c).]2-Stp

1713 B2 2 K[K[120c),]-Stp2

Lipidic Ends / U-Shapes

1611 Ul 1 1 K(120c)-Stp-K(120c)

1718 Ul 1 2 [K(120c)]2-Stp-[K(120c)]2
1612 U3 1 2 K(120c)2-Stp-K(120c¢)-K(120c)
1681 Ul 2 1 K(120Oc)-Stp2-K(120c)

1719 Ul 2 2 [K(120c)]2-Stp2-[K(120c¢)]2
1720 U2 1 1 K[K(120c)2]-Stp-K[K(120c)]
1721 U2 2 1 K[K(120c)2]-Stp2-K[K(120c),]
1722 u3 2 2 K(120c)2-Stp2-K(120c¢)-K(120¢)
1716 U4 1 1 K(120c),-Stp-K[K(120c).]
1717 U4 2 1 K(120c).-Stp2-K[K(120c¢);]

* The structures were synthesized via SPS, and identified by MALDI-TOF-MS.

5.3.4 Evaluation of precise, sequence-defined carriers for nucleic acids delivery

To identify promising structures for subsequent structure activity model’s library

members were screened to evaluate their nucleic acid delivery potential in a luciferase

reporter gene assay pDNA and mRNA delivery, and a Neuro2A/eGFPLuc gene

silencing model siRNA delivery.

5.3.4.1 Evaluation of LAFs Oligomers for in vitro pDNA Delivery

Figure 5.3 shows an exemplary comparison of topology constructed structures under

the experimental conditions in the pDNA delivery. It presents the luciferase gene
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transfer activity of selected structures complexed with pDNA at indicated protonatable
nitrogen/phosphate (N/P, 6, 12, 18) molar ratios. Oligomers like the comb structures
(C) with 10 Stp units but without LAFs (1700, 1701) or with fewer than 6 LAF units
(1704, 1705, 1706) show gene- transfer activity about 10- to 100-fold lower the gold
standard, linear PEI (LPEI). Some other comb structures with single Stp unit like 1615,
1616 and 1617 do not transfect, while two and four Stp units -bearing structures (1707
and 1709) shows slightly higher transfection efficiency about 100-fold above the
background of untransfected cells (ctrl, HBG), surprisingly 1708 shows the same
efficiency as LPEI at N/P ratio 18.

T-shape oligomers were generated to obtain the lipophilic center structures with
different amount of the cationizable domain Stp. Compared to the comb structures, the
T-shape structures 1563, 1714 and 1715 show similar effects. The transfection results
also demonstrated that the 1715 shows 2 to 10-fold above the positive control LPEI in
pDNA polyplexes, which contains the LAF2K domain, is better than 1714 that

containing LAF1K apolar domain.
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Figure. 5.3. Gene transfer with pDNA lipopolyplexes into Neuro2A neuroblastoma cells. (A)
comb and T-shape structures, (B) bundle and U-shape structures. 200 ng pCMVL pDNA/well
were prepared in HBG at a concentration 10 ug/mL and indicated N/P ratio (6, 12, or 18) for
transfection of 10,000 Neuro2A cells /well. Luciferase protein expression was determined at 24

hours after transfection. Positive control = LPEI, linear polyethylenimine; negative control =
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HBG, HEPES buffered saline. The experiment was performed by Paul Folda, PhD student at

LMU Pharmaceutical Biotechnology.

The structures with one or two polar cationic Stp units and moderate amounts of
hydrophobic domain LAFs perform better, and the topologies play additional important
roles for the biological activity. Based on the good performance, the bundles and U-
shape structures were produced, and were evaluated in pDNA delivery (see Figure
5.3). The transfection efficiency of the bundles with two Stp units (1710 and 1713) is
much higher than 1614 and 1613 with one Stp. It is worth mentioning that 1710 is better
than LPEI, and some U-shape structures, such as 1611, 1719, 1720, 1722, and 1717
also outperform the excellent standard in transfection efficiency. In addition, 1611, 1719
and 1722 show highest potent of gene-transfer activity in pDNA, the results were shown
in Figure 5.3. The structures consisting of Stp as lipophilic center and cationizable
apolar domains (LAF1K, LAF2K or combination of LAF1K/LAF2K) show encouraging

performance in pDNA delivery.

These structures can form 100-200 nm polyplexes by assembly of the complex the
pDNA. Some of structures (1710, 1715, 1611, 1719 and 1722) performed extremely
well, however, considering the toxic effect of lipids, dose-response efficacy was
determined for selected polyplexes. The results were displayed in Figure 5.4. With the
decrease of the dose in pDNA polyplexes of 1611 and 1719 maintain very high efficacy
at N/P 12 and 18.
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Figure 5.4. Gene transfer with pDNA lipopolyplexes into Neuro2A neuroblastoma cells. pCMVL
polyplexes were prepared at indicated N/P ratio ((A)12 or (B) 18) in HBG and applied in
indicated doses (13 ng to 100 ng /well) for transfection of 10,000 Neuro2A cells /well. Luciferase
protein expression was determined at 24 hours after transfection. The experiment was

performed by Paul Folda, PhD student at LMU Pharmaceutical Biotechnology.
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Cationizable hydrophobic domains (LAFs) contain protonatable (tertiary) amines, which
Is an essential factor in the pDNA gene transfer into N2A cells. We also explored one
of the best performers U-shape with the replacement of DodOc. The DodOc domain
consists of 8-aminooctanoic acid coupled with dodecanoic acid (C12 acid), resulting in
an amide, possessing the same length of chain as 120c but without the branched point
or tertiary amine. The DodOc containing structure 1725 does not transfect, compared
to the high efficiency of 1722 polyplexes, 1725 shows same activity as control group of
HBG treated cells.
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Figure 5.5. Gene transfer with pDNA lipopolyplexes into Neuro2A neuroblastoma cells using
oligomer 1722 or negative control oligomer 1725. 200 ng pCMVL polyplexes were prepared at
indicated N/P ratio (6, 12 or 18) in HBG and applied for transfection of 10,000 Neuro2A cells
/well. Luciferase protein expression was determined at 24 hours after transfection. The

experiment was performed by Paul Folda, PhD student at LMU Pharmaceutical Biotechnology.
5.3.4.2 Evaluation of LAFs Oligomers for in vitro mRNA Delivery

We also applied the structure library with new topologies to mRNA carriers. The first
carriers such as 1218 for mRNA formulations have already been developed with this

technology in our lab reported by Krhac Levacic/Berger et al.,?’” 1218 has no lipophilic
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cationizable building blocks but only permanently lipophilic fatty acid residues and are
significantly less active. During the optimization of 1218, it was noticed that the
labilization of the lipophilic fatty acid region through reductive cleavage from the
oligomer had an advantageous. For comparison, SuccPEI and 1218 as control in the
evaluation of mRNA delivery. Some of the structures that were already described for
pPDNA delivery such as 1611, 1719 and 1722 also show good transfection efficiency in
MRNA delivery at lower dose, as it shown in Figure 5.6. In detail, the effect of positive
control SuccPEI was decreased more than 15 times with the dose decreasing from 125
to 31.25 ng/well. In contrast, U-shape structures 1611, 1719 and 1722 keep their high
effective effect in mMRNA even the doses were decreased. We can not only see the high
efficiency in the delivery of 5moU modified mRNA (Figure 5.6 A) but also the mRNA
without base maodification (Figure 5.6 B). Compared to the 1218 polyplexes,
perturbation of lipophilicity introduced via a different route through protonatability of the
lipophilic building block shows a much more dramatic improvement (~20- to 100-fold
efficiency).

Table 5.2. The structures for comparison of lipo-oligomers for mMRNA delivery.

ID Topology | m n sequence

1722 UK 2 2 K(120c)2-Stp2-K(120c)-K(120c)
1732 U4 2 1 | K(80c)2-Stp2-K[K(80c)2]

1725 U3 2 2 K(DodOc)2-Stp2-K(DodOc)-K(DodOc)
1614 B1 1 K(120c)2-Stp

1621 B2 1 K[K[80c)2]2-Stp

We can also conclude that the U-shape structures 1611, 1719 and 1722 show effective
effect in mMRNA even for the decreased doses of mMRNA from 125 ng/well to 31.25
ng/well from Figure 5.6, Whereas the efficiency decreased 100 times from the highest
dose to the lowest one for the bundle 1614. In addition, structures with a different kind
of LAF were evaluated for mRNA delivery. The U4 backbone with another LAF 80c
1732 and B2 with 80c 1621 still maintain high transfection efficiency when the dose of
each well was decreased. The structures are shown in Table 5.2. Overall, the
structures containing LAFs not only 120c¢ but also 80c in some topologies are very
effective carriers for mRNA delivery. Furthermore, we also explored the impact of
DodOc replacement for the LAF in mRNA polyplexes, see Figure 5.7. The DodOc

containing structure 1725 does not transfect at all, compared to the high efficiency of
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1722 polyplexes. This demonstrates that the LAF plays a significant role in the

polyplexes formation and nucleic acid delivery.
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Figure 5.6. Transfer of luciferase mMRNA lipopolyplexes into Neuro2A neuroblastoma cells.
Polyplexes were prepared at indicated N/P ratios in HBG and applied in indicated mRNA doses
(31.25 ng to 125 ng /well) for transfection of 10,000 Neuro2A cells /well. Luciferase protein
expression was determined at 24 hours after transfection. CleanCap FLuc mRNA with or
without 5moU modification was tested. SuccPEI at w/w 4 was used as positive control. The
experiment was performed by Sophie Schldgl, PhD student at LMU Pharmaceutical

Biotechnology.
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Figure 5.7. Transfer of luciferase mRNA lipopolyplexes into Neuro2A neuroblastoma cells
using oligomer 1722 or negative control oligomer 1725. Polyplexes were prepared at indicated
N/P ratios in HBG and applied in indicated doses (31,25 ng to 125 ng /well) for transfection of
10,000 Neuro2A cells /well. Luciferase protein expression was determined at 24 hours after
transfection. CleanCap FLuc mRNA with or without 5moU modification was tested. SuccPEI at
w/w 4 was used as positive control. The experiment was performed by Sophie Schlégl, PhD

student at LMU Pharmaceutical Biotechnology.

5.3.4.3 Evaluation of LAFs Oligomers for in vitro siRNA Delivery
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These sequenced-defined U-shape structures performed very well in pDNA and mRNA
delivery and were subsequently also evaluated in vitro in SiRNA polyplexes. The LAF
oligomers form nanoparticles with control sSiRNA and eGFP-targeting siRNA (siGFP).
Luo et al. have already reported the 1214 for siRNA formulations with high gene
silencing efficiency.?®® Thus 1214 and SuccPEI were used as controls. Gene silencing
experiments (Figure 5.8) were performed using the marker gene of N2A-eGFPLuc
cells (enhanced green fluorescent protein/luciferase fusion protein). Specific silencing
of the eGFPLuc fusion gene by siGFP was measured by a luminometric luciferase
assay. Unspecific reduction of reporter activity was determined using the analogs siCtrl
formulations. In general, the U-shape structures show higher functional siRNA transfer.
These siRNA polyplexes at lower dose can reduce the toxicity but still possess high
gene silencing effect, such as polyplexes formed of 1716, 1717, 1718 and 1719. In sum,
the screening for transfection-active polyplexes revealed the 1) LAF and 2) topologies)

in the nucleic acid delivery as favorable elements.
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Figure 5.8. Gene silencing activity of siRNA formulations was tested by luciferase assays.
Specific gene silencing (using siGFP) is compared with unspecific reporter silencing (by siCtrl
formulations). Polyplexes were prepared at indicated N/P 18 in HBG and applied in indicated
doses (15.6 ng to 62.5 ng /well) for transfection of N2A-eGFPLuc cell (5000 cells/well).
Luciferase protein expression was determined at 48 hours after transfection. SuccPEI at w/iw 4
was used as positive control. 1214 at N/P ratio 12 was used as control. The experiment was

performed by Mina Yazdi, PhD student at LMU Pharmaceutical Biotechnology.
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5.4 Conclusions

In summary, the use of novel, hydrophobic cationizable domains (LAFs), in combination
with the previously established artificial amino acid succinoyl-tetraethylenpentamine
(Stp) in solid-phase supported synthesis of sequence-defined oligomers provided novel
efficient carriers for nucleic acid delivery. Our first examples already demonstrate that
clear structure-activity relationship depends on the specific building blocks, sequences,
topologies used on the carrier side and the type of nucleic acid. It turned out that the
novel combination of building blocks/components is necessary for an astonishingly high
effect. For example, some structures show very good efficiency for pDNA transfer,
outstanding efficiency for packaging mRNA into lipopolyplexes, or good efficiency for
siRNA transfer. We can also see that substituting the LAF building block with control

building blocks (such as DodOc) led to a greatly reduced effect.
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6 Summary of the thesis

Studies on tailor-made designs of carriers have already developed some novel
nanoplatforms for combination chemotherapy and nucleic acid delivery, such as
polymeric nanopatrticles, solid lipid nanoparticles, micelles, dendrimers, liposomes,
gold nanoparticles, they are changing the fate of various therapies in some cases.
Conventional anticancer drug combinations suffer from major issues such as unequal
bioavailability and unmatched pharmacokinetics/circulation half-lives among drug
components. The optimized carriers for combinations of drugs with different
intracellular targets are routinely used in tumor chemotherapy due to their increased
efficiency and reduced risk for chemoresistance. Considering polymeric vesicles
encapsulating both hydrophobic and hydrophilic drugs, it remains a considerable
challenge to fabricate codelivery polymeric vesicles possessing structural stability
during blood circulation, encapsulation stability toward both hydrophobic and
hydrophilic drugs, and synchronized corelease features triggered by a specific
pathological milieu. In addition, polymeric carriers have been explored for nucleic acid
delivery for more than two decades, a series of novel therapeutic nucleic acids entered
research and clinical valuation. For example, the cationic carriers, lipofection and LNPs
have been used in clinical translation, however they still illustrate lower efficacy in

comparison to viruses.

The study described in the first main chapter focuses on optimizing stable polyplexes
with sequence-defined oligoaminoamides/oligomers and hydrophobic drugs. With this,
the modification of drug analogs and oligomers, and the addition of helper lipid were
applied to optimize combination chemotherapy. A combination effect of drug polyplexes
was visible on L1210 cells compared to the effects of single pretubulysin (PT) and
methotrexate (MTX). The cationizable lipo-oligomers 1198 and 1444 formed
polyelectrolyte complexes with the anionic drug MTX (and analogs E2MTX and ESMTX)
via electrostatic interactions and PT via hydrophobic and hydrophilic interactions. In
addition, the modified drugs E2MTX and E5MTX show same efficiency of tumor
treatment as MTX, but form more stable polyplexes. Adding cholesterol as a helper
lipid and more hydrophobic domains in the cationic oligomers helps to stabilize the
particles in the presence of FBS medium. Incorporating PT+MTX with several optimized
modifications into the delivery systems increased the antitumoral efficiency of the drug

combination in cell culture.
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The second main chapter reviews recent tailor-made polymeric carrier designs that

were optimized for nucleic acid cargos such as plasmid DNA, siRNA, and micro RNA,
MRNA, or genome-modifying nucleic acids. The specific requirements for the various
therapeutic cargos are discussed. It prospects the future directions including dynamic
bioresponsive polymers as components of nanomachines, multifunctional sequence-
defined carriers for evolution-based selective optimization, and organic—inorganic

multicomponent nanoassemblies.

In the third main chapter, novel lipo-amino fatty acid (LAF) building blocks were
synthesized for use in the solid-phase synthesis of novel nucleic acid delivery systems.
The solid-phase methodology enabled the rapid parallel synthesis of LAF and
succinoyl-tetraethylenpentamine (Stp) containing structures as carriers for nucleic acid
delivery. The new synthetic platform was used to construct a small library of oligomers
consisting of polar cationizable Stp domains and hydrophobic cationizable LAF
domains in different ratios and topologies. Subsequent screening of the library for
pDNA, mRNA and siRNA delivery identified a set of lead structures able to most

favorably compete with gold standard polymeric carriers LPEI or SuccPEl.
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7 Appendix

7.1 Abbreviations

Boc
DCM
DIPEA
DLS
DMEM
DMF
DNA
EDTA

tert-Butoxycarbonyl protecting group
Dichloromethane
N,N-Diisopropylethylamine

Dynamic light scattering

Dulbecco’s modified Eagle’s medium
N,N-Dimethylformamide
Desoxyribonucleic acid
Ethylendiaminetetraacetic acid

EGF/EGFR Epidermal growth factor (receptor)

EtBr
FBS
Fmoc
FolA
FR
HBG
HBTU

HEPES

Ethidium bromide

Fetal bovine serum

Fluorenylmethoxycarbonyl protecting group

Folic acid

Folate receptor

Hepes-buffered glucose
2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate

N-(2-hydroxethyl) piperazine-N'-(2-ethansulfonic acid)

HGF/HGFR Hepatocyte growth factor (receptor)

HOBt
kDa
LMW
LPEI
mM

MRNA
MTBE

MTT
mV
MWCO
N/P
NEM

1-Hydroxybenzotriazole
Kilodalton

Low molecular weight
Linear polyethylenimine
Millimolar

Messenger RNA
Methyl tert-butyl ether

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
Millivolt

Molecular weight cut-off

Nitrogen to phosphates ratio

N-ethylmaleimide
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NHS

nm
NMP
NMR
OleA
PDI
pDNA
PEG
pKa
PyBOP
RLU
RNA
succPEl
RP-HPLC
RT

SEC
SiRNA

SPS

Stp
STOTDA
TEPA
TFA

THF

TIS

N-Hydroxysuccinimide

Nanometer

N-Methyl-2-pyrrolidone

Nuclear magnetic resonance

Oleic acid

Polydispersity index

Plasmid DNA

Polyethylene glycol

-logio Ka (acid dissociation constant)
Benzotriazol-1-yloxy-tripyrrolidinophosphonium hexafluorophosphate
Relative light units

Ribonucleic acid

branched polyethylenimine with a succinylation degree of 10%
Reversed-phase high-performance liquid chromatography
Room temperature

Size-exclusion chromatography

Small interfering RNA

Solid-phase synthesis

Succinyl-tetraethylene pentamine
N-Fmoc-N"-succinyl-4,7,10-trioxa-1,13-tridecanediamine
Tetraethylene pentamine

Trifluoroacetic acid

Tetrahydrofuran

Triisopropylsilane
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7.2

Summary of SPS derived oligomers

Table 7.1. Summary of SPS derived oligomers.

Oligomer Topology Sequence (N->C) Proton. Chapter
ID amines
1198 T-Shape (N3)K-C-Y3-Stpz2-K-[K(OleA)o.]s-Stpz-Y3-C-OH 13 3
1444 T-shape (N3)K-C-Ys-Stp2-K-[K(OleA)q,se-Stpz-Ys-C-OH 13 3
1563 U-shape H2N-Stp2-K(120c)-Stp2-OH 14 5
1611 U-shape H2N-K(120c)-Stp-K(120c)-OH 6 5
1612 U-shape K(120c)2-Stp-K(120c)-K(120c)-OH 7 5
1613 Bundle K[K(120c)2]2-Stp-OH 7 5
1614 Bundle K(120c)2-Stp-OH 5 5
1615 Comb H2N-[K(120c)]o-Stp-OH 6 5
1616 Comb H2N-[K(120c)]4-Stp-OH 8 5
1617 Comb H2N-[K(120c)]e-Stp-OH 10 5
1620 U-shape K(80c)2-Stp-K(80c)-K(80c)-OH 7 5
1621 Comb H2N-K[K(80c)2]2-Stp-OH 7 5
1680 U-shape H2N-K(80c)-Stpz -K(80c)-OH 9 5
1681 U-shape H2N-K(120c)-Stp2-K(120c)-OH 9 5
1682 U-shape K(100c)2-Stp-K(100c)-K(100c)-OH 7 5
1700 Comb H2N-Stp10-OH 31 5
1701 Comb H2N-K-K-Stp10-OH 33 5
1704 Comb H2N-[K(120c)]2-Stp10-OH 33 5
1705 Comb H2N-[K(120c)]4-Stp10-OH 35 5
1706 Comb H2N-[K(120c)]6-Stp10-OH 37 5
1707 Comb H2N-[K(120c)]s-Stp2-OH 11 5
1708 Comb H2N-[K(120c)]2-Stp2-OH 9 5
1709 Comb H2N-[K(120c)]s-Stpa-OH 17 5
1710 Bundle K(120c)2-Stp2-OH 8 5
1711 Bundle K(120c)2-tK-tK-6Aha -OH 5
1712 Bundle K(DodOc)2-Stp-OH 5
1713 Bundle K[K(120c)2]2-Stp2-OH 10 5
1714 T-shape H2N-Stp-[K(120c)]z-Stp-OH 5
1715 T-shape H2N-Stp-K[K(120¢)2]-Stp-OH 5
1716 U-shape K(120c)2-Stp-K[K(120c)2]-OH 7 5
1717 U-shape K(120c)2-Stp2-K[K(120c)2]-OH 10 5
1718 U-shape H2N-[K(120c)]2-Stp-[K(120c)]>-OH ) 5
1719 U-shape H2N-[K(120c)]2-Stp2-[K(120c)]2-OH 11 5
1720 U-shape H2N-K[K(120c)2]-Stp-K[K(120c)2]-OH 8 5
1721 U-shape K[K(120c)2]-Stp2-K[K(120c)2]-OH 11 5
1722 U-shape K(120c)2-Stp2-K(120c)-K12(Oc)-OH 10 5
1723 U-shape K(120c)2-(:K-¢K-6Aha)-K(120¢)-K(120c)-OH 6 5
1724 U-shape K(DodOc).-Stp-K(DodOc)-K(DodOc -OH 3 5
1725 U-shape K(DodOc)-Stpz-K(DodOc)-K(DodOc)-OH 6 5
1729 Bundle K(80c)2-Stp-OH 5 5
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1730 Bundle K[K[8OC)2]2-Stp2-OH 10 5
1731 U-shape K(80c)2-Stp2-K(80c)-K(120c)-OH 10 5
1732 U-shape K(80c)2-Stp2-K[K(80c¢)2]-OH 10 5
1745 U-shape H2N-[K(80c)]2-Stp2-[K(80¢)]-OH 1 5
1746 U-shape H2N-K(80c)-Stp-K(80c)-OH 6 5
1747 U-shape H2N-K(120c)-sK-sK-6Aha-K(120c)-OH 5 5
1748 U-shape H2N-K(DodOc)-Stp-K(DodOc)-OH 4 5
1749 U-shape K(DodOc)2-Stp-K[K(DodOc)2]-OH 3 5
1750 U-shape K(120c)-¢K-sK-6Aha-K[K(120c)2]-OH 6 5
1751 U-shape [K(DodOc)]2-Stpz-[K(DodOc)]>-OH 7 5
7.3 Summary of SPS derived shielding reagents
Table 7.2. Summary of SPS derived shielding reagents.
ID Name Sequence (C->N) Chapter
PEG bisDBCO-PEG24 3
FolA bisDBCO-PEGas-FolA 3
E4FolA bisDBCO-PEGz4-E4FolA 3
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8 Analytical data

8.1 MALDI-TOF mass spectrometry of artificial peptides

1 pL matrix solution containing 10 mg/mL Super-DHB (90/10 m/m mixture of 2,5-
dihydroxybenzoic acid and 2-hydroxy-5-methoxybenzoic acid) in 69.93/30/0.07 (v/v/v)
H2O/acetonitrile/trifluoroacetic acid was spotted on an MTP AnchorChip (Bruker
Daltonics, Germany). After the matrix crystallized, 1 pL of sample solution (10 mg/mL
in water) was added to the matrix spot. Samples were analyzed using an Autoflex Il
mass spectrometer (Bruker Daltonics, Germany). All spectra were recorded in positive
ion mode.

Table 8.1. Summary of peptide data.

ID Description Molecular formula [M+H]* calc. [M+H]* found
E2-MTX C30H36N10011 712.7 710.6
E5-MTX CasHs57N13020 1100.0 1097.8
1198 T-Shape C162H264N36028S52 3228.2 3221.4
1444 T-Shape C216H318N42040S2 4207.2 4195.4
DBCO2 —PEG24-FolA C124H178N 14037 2456.8 2453.3
DBCO2 —PEG24-4F0lA C124H178N 14037 2973.3 2965.6
1563 U-shape CssH177N23011 1709.47 1703.6
1611 U-shape CggH177N1107 1501.42 1499.2
1612 U-shape C158H315N 15010 2585.28 2580.6
1613 Bundle C158H315N15010 2585.29 2580.2
1614 Bundle Cs2H165N9Os 1373.24 1370.0
1615 Comb CssH177N1107 1501.42 1499.2
1616 Comb C164H327N17011 2713.46 2700.8
1617 Comb C240H477N23015 3925.5 3912.6
1620 U-shape C126H251N 15010 2136.44 2131.9
1621 Comb Ci26H251N15010 2136.44 2133.5
1681 U-shape C100H202N1609 1772.82 1769.1
1700 Comb C120H255N50021 2731.67 2726.4
1701 Comb C132H276N54023 2988.02 2983.5
1704 Comb C196H402N56025 3943.74 3934.3
1705 Comb C272H552N62029 5155.81 N.D.
1706 Comb C348H702N6s033 6367.89 N.D.
1707 Comb C176H352N22013 2984.89 2981.5
1708 Comb C100H202N1609 1772.82 1765.0
1709 Comb C200H402N32017 3527.62 3516.5
1710 Bundle Co4H190N1408 1644.64 1641.5
1711 Bundle CsggH175NoO7 1471.42 1467.8
1712 Bundle CsgH113NgOs 1064.6 1062.3
1713 Bundle C170H340N20012 2856.72 2849.98
1714 T-shape C100H202N 1609 1772.82 1765.0
1715 T-shape C100H202N 1609 1772.82 1769.1
1716 U-shape C1s8H315N 15010 2585.35 2579.9
1717 U-shape C170H340N20012 2856.72 2849.9
1718 U-shape Ci64H327N17011 2713.53 2707.03
1719 U-shape Ci76H352N22013 29084.89 2977.1
1720 U-shape Ci64H327N17011 2713.53 2707.4
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1721 U-shape C176H355N25013 29084.89 2977.9
1722 U-shape C170H340N20012 2856.72 2849.99
1723 U-shape C164H325N15011 2683.5 2676.8
1724 U-shape C110H211N15014 1967.99 1963.3
1725 U-shape C122H236N20016 2239.35 2234.5
1729 Bundle CesH133NgOs 1148.85 1146.1
1730 Bundle C13sH276N20012 2407.85 2402.3
1731 U-shape C13sH276N20012 2407.85 2403.2
1732 U-shape Ci3sH276N20012 2407.85 2402.9
1745 U-shape C144H233N 22013 2536.03 2530.1
1746 U-shape C72H145N 1107 1277.02 1274.2
1747 U-shape CosH17N110s 1599.6 1595.9
1748 U-shape Ce4H125N 1109 1192.77 1189.97
1749 U-shape C110H211N15014 1967.99 1963.5
1750 U-shape C164H325N15011 2683.5 2677.01
1751 U-shape C128H248N22017 2367.53 2361.96
MALDI-TOF MS of E2-MTX
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MALDI-TOF MS of 1198
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Analytical data

MALDI-TOF MS of DBCO2- PEG24- E4F0lA
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Analytical data

MALDI-TOF MS of 1701
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Analytical data

MALDI-TOF MS of 1617
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Analytical data

MALDI-TOF MS of 1708
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Analytical data

MALDI-TOF MS of 1714
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Analytical data

MALDI-TOF MS of 1710
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Analytical data

MALDI-TOF MS of 1613
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Analytical data

MALDI-TOF MS of 1681
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MALDI-TOF MS of 1718
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Analytical data

MALDI-TOF MS of 1721
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MALDI-TOF MS of 1725
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Analytical data

MALDI-TOF MS of 1620
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Analytical data

MALDI-TOF MS of 1730

Intens. [a.u.]
.

2402.254

| .

iz Intens. Area SN
Mmass 1030 6 107

7
1000 1500

MALDI-TOF MS of 1731

T
2000

— T T
2500 3000 3500

Intens. [a.u.]

o
o

n
w

0

2403.203

T D I
1000 1500 2000

MALDI-TOF MS of 1732

T I L B |
2500 3000 3500

100

Intens. [a.u.]

80

60

40

20

2402.91

Iy

— T T T T T
1000 1500

—T T
2000

L e e e e e )
2500 3000 3500

mz  Intens.  Area SN
wsE  RME M1 140

mz Intens. Area SN
urere 10800

122



Analytical data

MALDI-TOF MS of 1745
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Analytical data

MALDI-TOF MS of 1748
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Analytical data

MALDI-TOF MS of 1751
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ESI- MS of 80c (in positive mode)
o]

\/\/\/\/N\/\/\/\)I\OH

Chemical Formula: C,4H49NO,
Molecular Weight: 383.66

384,38318
C2¢Hs0 02N
100 -0.42906 mmu
9&;
90
85—
N
753
707
657
E|
8 604
§ .2 M+ H]*
B 553
4 |
2 505
o 3
2 457
C
& 403
353 385.38607
303 C24Hs1 02N
3 -4.46574 mmu
25-.3
203 326.30574
3 C20HaO2N
155 0.38446 mmu 494.49521
107 272.25866
3 24228472 o200, N \
53 CieHasN 424945 mmy 400.57868 |
I7687716 O40s21mmy || | |411.40797 |
[ RIS SR B B S AR B e i v e e e ey w B e o
100 200 300 400 500
miz

125



Analytical data

ESI- MS of 100c (in positive mode)

\/\/\/\/\/N\/\/\/\)J\o H

Chemical Formula: C,gHs7NO,
Molecular Weight: 439.77
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Analytical data

ESI- MS of 120c (in positive mode)

\/\/\/\/\/\/N\/\/\/\)j\o H

Chemical Formula: C5,H¢sNO,
Molecular Weight: 495.88

Relative Abundance

& 8

: §LLA i gz_x;_ el

- ~ 0~
IAl§.ui‘f)“§lu§.tu§u§l“.3.u1i 't

HJEAI.%IL#A

h?

iu S'uu?uuzf.u (¥}

-

496.50812
CxoHsO2N
-0.68244 mmu
M + HI*
497.51189
CxHer Oz2N
-4.74358 mmu
22298243
CyuaHz20NCI
498.51593
S m‘” 43847 o
4 2. mmu
| CzHs 02N
| 00%0Rmmu | eeqso762
| [ | 877.87158
' x—i"r f; T Lvl] ‘1@11052-0717 f‘
200 400 600 800
mz
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Analytical data

8.3 H NMR spectra of building blocks and oligomers

1198: Sequence (N->C): K(N3)-C-Y3-Stp2-K(K(OleA)2-Stp2-Y3-C

SH
’éi% H ¢ n 2 H 4 Hy @, |u H ¢
HN N ENNT ¢ N/\d\/N\/\ /}/N\/\N < N/H\/N\/\N/\d/N\/\N N N7¢ N.¢ N~¢ OH
H H o e H o H H
OH

L 1500

L 1400

- 1000

d L 800
f L 700
L 600
L 500
L 400
a e L 300
b h L 200
L 100
» L
Lo
B i R B P B ] A
- e S s o = & * L-100
g e S g = g <
T T T T T T T T T T T T T T T T T T T T T T T
9.5 9.0 8 8.0 5 7.0 6.5 6.0 0 4.5 4.0 3 3.0 2.5 2.0 1.5 1.0 o. 0.0 0.5

£1 (ppm)

H NMR (400 MHz, Deuterium oxide) & (ppm) = 0.65-0.85 (s, 6 H, -CH3 oleic acid), 0.85-1.95 (m, 64 H,
ByoH lysine, -CH2- oleic acid), 2.0 -2.65 (m, 20 H, -CO-CH2-CH2- CO- Stp, -CO-CH2- oleic acid), 2.65-3.1 (m,
20 H, €H lysine, tyrosine, cysteine), 3.1-3.6 (m, 64 H, -CH2- Tp), 3.85-4.55 (m, 10 H, aH amino acids), 5.05-
5.20 (s, 4 H, -CH=CH oleic acid), 6.55-7.10 (m, 24 H, -CH- tyrosine).
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Analytical data

80c:

L 7000

L 6000

b-f, I-n

CDCl,
DCM

h’j g,k,p

SN nar-aiian
e S v N
o~ © o~ © L ~=500

T T T T T T T T T T T T T T T T T T T T T T
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5
£1 (ppm)

'H NMR (400 MHz, Chloroform-d) d (ppm) = 0.65-0.95 (m, 6H, -CH3, octanal), 1.15-
1.53 (m, 26H, -CH2-CH2-), 1.55-1.88 (m, 8H, -CH2-), 2.24 — 2.44 (m, 2H, -CH2-CO-),
2.28-3.12 (m, 6H, -CH2-N-).

129



Analytical data

100c:
t
y H m
t \/C\/e\/\/\/N p )
b k H
d f h 1 n q a

000

b-h,n-q 1500

L 4000

f 7 /

L 3500

L 3000

2500

CDCl,
t
L 2000
L 1500
DCM
L 1000
L 500
! Lo
L -500
Id,O ‘3‘,5 ‘3‘.0 815 R‘.U 7‘.5 7‘.0 G‘vﬁ G‘,O 5{5 5{0 4{5 '1‘,0 3‘,5 3‘,0 2‘,5 2‘,0 1‘,5 1‘.0 015 O‘.ﬂ *(‘),5

£1 (ppm)

'H NMR (400 MHz, Chloroform-d) & (ppm) = 0.65-0.95 (m, 6H, -CH3, decatanal), 1.15-
1.53 (m, 34H, -CH2-CH2-), 1.55-1.88 (m, 8H, -CH2-), 2.24 — 2.44 (m, 2H, -CH2-CO-),
2.28-3.12 (m, 6H, -CH2-N-).
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Analytical data

120c:

b d n q S a o
y c e i p r t
6500
- 000
b-k, g-s
500
/ 000
f - / §
4500
4000
3500
3000
2500
cDbCl,
a 200
m, n
lpt
1500
1000
DCM L 500
N [ N

T T = s

e N N o bt

w o~ © < ©
500

T T T T T T T T T T T T T T T T T T T T T 1
10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 0.5

'H NMR (400 MHz, Chloroform-d) & (ppm) = 0.65-0.95 (m, 6H, -CH3, dodecatanal),
1.15-1.53 (m, 42H, -CH2-CH2-), 1.55-1.88 (m, 8H, -CH2-), 2.24 — 2.44 (m, 2H, -CH2-
CO), 2.28-3.12 (m, 6H, -CH2-N-).
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Analytical data

1612: Sequence (N->C): K(120c),-Stp-K(120c)-K(120c¢)-OH

c

d
fo) f
Ao~~~ N~~~ C
dHNbd fof
c d ff q bHO e He e He O Ho 3
IS SIS N a rq’\\/PJ\//\rq’\\/PJ\//\qu(\//\W(P!a N 5OH
f O H H H b O °\ HyO
N_O
b fof d b
d FiPJ7(/\\/:5V/~\,/\Pq’\\//\\,/\\/A\V/\\//\?:Til\f{L
o f
I\V/\\/~\SL\//\V/\\
c d fN c
f
[ d
C
3200
3000
l—

2800
2600
/AA“////,/ 2400

— S r
2200
2000
1800
(j 1600
1400
1200
f 1000

C
e 800
600
t) 100
a k“ﬁd 200
L ,J | PO I

[ v e B SN

- - P 2 + o« 2 2
o - e IS ¥ © S J 200

T T T T T T T T T T T T T T
0.0 9.5 9.0 85 80 7.5 7.0 65 6.0 50 4.5 4.0 3.5 3.0 25 20 1 Lo o 0.0 0
£1 (ppm)

H NMR (400 MHz, Methanol-d4) d (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H,
-CH2-CH2-), 2.11 — 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m,
14H, -NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1620: Sequence (N->C): K(80c),-Stp-K(80c)-K(80c)-OH

A~~~ N~~~
HN ¢
b d ¢ f d
d
d f d b H_O He He (0] H O a
CWNMNa H&NwH&NwNMNa H OH

L3000

L 2500

L 2000

T T T T T T T T T T
0.0 9.5 9.0 85 80 7.5 7.0 6.5 6.0 55 50 45 4.0
£1 (ppm)

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 156H, -
CH2-CH2-), 2.11 - 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m, 14H,
-NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1621: Sequence (N->C): K[K(80c),].-Stp-OH

))/H W.«w L Ne. NNYb\jl
f i

c
c
7000
6500
6000
500
/// [ 000
— g — —
L 4500
L 1000
L 3500
Cc L 3000
500
f 000
1500
1000
e t) 00
K\ w L.\___ 0

e e LT T T

L] & o 5

2 - o b bt © e <
o - & $ @ - B 500

T T T T T T T T T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 1.5 4.0 3.5 3.0 2.5 2.0 15 Lo 0.5 0.0

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 156H, -
CH2-CH2-), 2.11 -2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m, 14H,
-NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1722: Sequence (N->C): K(120c).-Stp.-K(120c)-K12(Oc)-OH

(o}
d
10 f
HN)\/\/\/\/N\/\/\/\/\/\/ C
g b4 d
H He O HO
C/\/\/Q/\/\/fo\/\d/\/b\TNa N’QN\e/N/Q/N\e/N)WNa N‘é;H
f o] H H b HHO
d 2
b f f d N0
d HNWNWC b
o d d
W
c d fN c
f
[ d
C
L 2600
L L 2400
L 2200
L 2000
— e f —— / i L 1800
L 1600
L 1400
C
L 1200
L 1000
f L 800
€ b L 600
L 400
L 200
L3
Wfﬂ
Y T T J | 200
90 85 80 75 70 65 60 55 50 15 1o a5 3.0 25 20 s Lo os 00

H NMR (400 MHz, Methanol-d4) d (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H,
-CH2-CH2-), 2.11 — 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m,
28H, -NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1713: Sequence (N->C): K[K(120c)].-Stp.-OH

2400
L 2300

f_f 2200

L2100

2000
1900
- 1800
— J I —_— Jr 1700

- 1600
L 1500

- 1400

d L 1300
C L1200

1100

- 1000
900

- 800

f L 700

e L 600
b L 500

400

L300

200

o

T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
10. 0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0 —0.5
1 (ppm)

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H, -
CH2-CH2-), 2.11-2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m, 28H,
-NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).

U\) L 100
A R
R e e e i e e o s e e

o]
g L -200

23.01
25.13
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Analytical data

1613: Sequence (N->C): K[K(120c)].-Stp-OH

- 1000
L 900
- 800

L 700

L 600

L 400

L300

L 200

e

b
. !
e

7.90
193. 1

L—-100

T T T T T T T T T T
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0
£1 (ppm)

N
S

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H, -
CH2-CH2-), 2.11 - 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m, 14H,
-NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1615: Sequence (N->C): H2N-[K(120c)],-Stp-OH

)
b~ OH
(@)
ej NH
HN ¢
NH
I d
HN
d b H p o Oy NH 0 g
NN No~~Ang N J'\b/\/d\/\, Nosasa~a~a~c
o} NHH H
d
[

L 2300
L2200
2100
ol 2000
1900
1800
1700
_ /F,f / F/—/I/ e 1600
d 1500
1400
1300
1200
e 1100
1000

900

800

f 700

c 600

500

400

b 300

L 200

T i \ \ P p———
g o & g oz - 100
7‘.0 6‘.5 6‘.0 5‘.5 5‘.0 ’l‘.5 ’l‘.O 3‘.0 2.5 Z‘.O 1‘.5 1‘.0 0‘.5 0‘.0

3.5
£1 (ppm)

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 12H, -CH3), 0.99 — 2.05 (m, 110H, -
CH2-CH2-), 2.11 - 2.71 (m, 8H, -CH2-CONH-), 2.98 — 3.26 (m, 12H, -CH2-N), 3.31 — 3.58 (m, 12H,
-NH-CH2-CH2-NH-), 4.35-4.41 (1H, aH amino acids).
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Analytical data

1716: Sequence (N->C): K(120c),-Stp1-K[K(120c),]-OH

d d b H H e H b
N2 N N o
c N/A\N/’\\//\\v/“\ﬂ/ NSNS SNy o
H H H

f o HN

— L 4000

L 3000

2500
L 2000
C
1500
f L 1000
e t) 00
kw___.:1,“h-¢whﬂk¢ \NAJ\
AJ 0
el —r 7 T T
@ o © b ~
° 2 a < . B
8 . : . o .
o 3 o & o
o = ] = Z B
T T T T T T
0.0 9 9.0 8 8.0 7 7.0 6 6.0 1.0 3.5 3.0 2 2.0 1.5 1.0 0. 0.0 0.

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H,
-CH2-CH2-), 2.11 — 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m,
14H, -NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

1717: Sequence (N->C): K(120c),-Stp.-K[K(120c),]-OH

d d b Hafll __H et fv_,
c/\/\/\/\/\/\N/\/\/\/\(( NSNS SNy (o)
f 0o H H
2 OH
a
d ° d

NH
b HN__O
d f d a

N NH

5000

- 4500

- 4000

- 3500

- 3000

2500

- 2000

1500

- 1000

'H NMR (400 MHz, Methanol-d4) & (ppm) = 0.82 — 0.96 (m, 24H, -CH3), 0.99 — 2.05 (m, 220H,
-CH2-CH2-), 2.11 — 2.71 (m, 12H, -CH2-CONH-), 2.98 — 3.26 (m, 24H, -CH2-N), 3.31 — 3.58 (m,
28H, -NH-CH2-CH2-NH-), 4.22-4.34 (3H, aH amino acids).
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Analytical data

8.4 RP-HPLC of building blocks and oligomers

80c:

120c

Intensity (mV)

Intengity (mV)
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Analytical data

1620:

Intensity (mV)

1613:

Intengity (mV)

350

300

250

200

150

100

50

150

100

50

-50

2 3 4 5 & T g 9 10 11 1z

Retention Time (min)

Chrom Type: Fixed WL Chromatogram, 214 nm

4 6 B 10 12 14 16 18 20

Retenticn Time (min)
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Analytical data

1621:

Intengity (mV)

1722:

Intensity (mV)

Chrom Type: Fixed WL Chromatogram, 214 nm
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|
200 '|
150 I|I||
|
100 [
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50 5 E
0 I'r"{- =
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