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Introduction

1 Introduction
1.1 General Aspects
1.1.1 “Polymer Therapeutics”

The advent of “macromolecules,” resulting from the pioneering work of Hermann Staudinger,
and the advances in biomedical science resulted in nano-sized polymer-based pharmaceuticals,
generally described as “polymer therapeutics.”*"?! “Polymer therapeutics™ is a broad term that
encompasses polymeric drugs, polymer-drug conjugates, polymer-protein conjugates,
polymer-aptamer conjugates, polymeric micelles (with drugs covalently linked to them), and
multicomponent non-viral systems (with covalent linkages) for nucleic acid delivery (Figure
1).I 3 Conventional delivery systems simply entrapped, solubilized, or controlled the release
of the drugs, whereas for polymer therapeutics, the covalent linkage of therapeutic agent is
essential. Polymer therapeutics is classified as a subclass in “nanomedicine.” “Nanomedicine”
is an area of nanotechnology that deals with the design and development of constructs in the
nanoscale range (1 to 200 nm) with a range of applications in healthcare from prevention and

understanding of patho-physiology to diagnosis and therapy of diseases.!!
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Figure 1. The schematic representation of different nanoscale structures employed as polymer
therapeutics. Figure reprinted with permission from ref. [3]. Copyright Elsevier (2013).

Historically, the concept of using synthetic polymers as therapeutic agents goes back to the
early 1940s.®l The development of polymer-based materials in medicine started with the
evaluation of polymers like dextran and poly(vinylpyrolidone) (PVP) (as plasma expanders),
wound dressing materials, and disinfectants for clinical applications.> ° Polymer-drug

conjugates and polymer-protein conjugates (especially protein conjugates of polyethylene
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glygol or PEG) started to appear in 1960.°! Following intensive investigations, in the 1980s
and 1990s, the first block copolymer micelles entered clinical trials.[581 Soon after that, in 1994,
the first synthetic polymer-drug conjugate, N-(2-hydroxypropyl) methacrylamide (HPMA)-
doxorubicin conjugates, reached clinical studies.[®! Currently a significant number of polymer
therapeutics are in clinical developments or even entered the market.) Some examples of
polymer therapeutics that have been marketed are: polymeric drugs like Copaxone®, polymer-
protein conjugates like Zinostatin Stimaler® (marketed in Japan), PEGylated proteins like

Cimzia®, Mircera®, and PEG-Interferon® and PEGylated-aptamers like Macugen®.

Today, polymer chemistry enables us to choose the appropriate carrier among a wide range
of architectures including multifunctional linear, graft, star-like and dendritic polymers (Figure
2). The most repeatedly used polymeric structures particularly in the development of polymer-
drug conjugates, are (N-(2-hydroxylpropyl) methacrylamide (HPMA) copolymer, poly-L-
glutamic acid (PGA), PEG, and dextran.[]
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Figure 2. Examples of polymeric architectures for application in polymer therapeutic. Figure
adapted with permission from ref. [1] and [10]. Copyright Nature Publishing Group (2003) and Royal
Society of Chemistry (2015).
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1.1.2 Endocytosis

One of the ultimate goals in nanomedicine is to bring the therapeutic agent into the specific
site of action. There are different sites of action, depending on the drug type. While plasmid
DNA (pDNA) should be delivered into the cell nucleus, the site of function for short interfering
RNA (siRNA) is in cytosol. In fact, in most cases, endocytic pathways should be passed
through to achieve a therapeutic effect. A great number of studies have focused on modulation
of nanoscale structures with different material compositions, physical and chemical features to
render cell entry.[!Yl After intravenous administration and by overcoming the extracellular
barriers, drugs reach the plasma membrane. Plasma membrane is a complex and dynamic
construct composed of a lipid bilayer that separates the intracellular milieu from the
extracellular surrounding and plays a vital role in homeostasis.[*?l As the surface of the cellular
membrane is decorated with anionic glycosylated membrane proteins,*¥ charged molecules,
especially highly negative nucleic acids, have difficulty interacting with plasma membrane.
Furthermore, hydrophobic molecules diffuse through the cell membrane into the cytosol. Small
and essential molecules, such as sugars, amino acids, and ions, pass through plasma membrane
protein pumps and channels. Large molecules, however, need to be transported through
vesicles derived from cellular membrane. External entities like macromolecules and pathogens
(like toxins or bacteria) or fluids, cross the plasma membranes through different pathways,

which are generally termed endocytosis (Figure 3).[*4]
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Figure 3. Different pathways of cell entry. Figure adapted with permission from ref. [11]. Copyright
Royal Society of Chemistry (2011).
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Endocytosis is broadly classified as phagocytosis*>*l (cell eating) and pinocytosis (cell
drinking). Large particles (1-10 um), for example, aggregates of nanomaterials are internalized
by phagocytosis. While phagocytosis is mainly a feature of phagocytic cells like monocytes
and phagocytic and dendritic cells, pinocytosis is a universal uptake mechanism. Macrophages
remove large pathogens and cell debris through phagocytosis. Pinocytosis occurs through at
least four basic mechanisms; clathrin-mediated endocytosis (CME),*”l macropinocytosis,
caveolae-mediated endocytosis,*®! and clathrin and caveola independent endocytosis.['%]
During phagocytosis, large particles enter the cytosol by engulfing the cellular membrane into
vesicular membranes termed phagosomes. In macropinocytosis, raffling of the plasma
membrane results in internalization of a large volume of extracellular fluids. Caveolae are
invaginations of the membrane and very abundant in endothelial cells. Clathrin-mediated
endocytosis is among the most studied receptor mediated endocytosis, but many aspects in this
endocytic pathway are still not understood. This pathway is highly complex and involves more
than 50 proteins.[*#l Briefly, in clathrin-mediated endocytosis, a coat of proteins is formed at
the site of endocytosis that induces invagination of the membrane into spherical vesicles. These

so-called clathrin pits are then cut and released into cytosol by enzyme dynamin.[2%

1.1.3 EPR Effect

Nano-sized polymer-based constructs can passively enter and be retained in tumor tissues after
systemic administration. This happens because of the highly permeable characteristics of tumor
vasculature, the porous endothelial layer, and poor lymphatic drainage of tumor tissue (Figure
4).
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Figure 4. Enhanced permeation and retention (EPR) effect. Figure adapted with permission from ref.
[21]. Copyright American Chemical Society (2012).
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In addition to targeted delivery approaches based on ligand-receptor interactions, specific
delivery of “nano-sized medicine” into a tumor site can be achieved by utilizing the effect
known as the EPR (enhanced permeation and retention) effect.[?? With a vascular cut-off of
about 500 nm, nano-sized carriers preferentially accumulate in the tumor tissues rather than
normal tissues.?®l The reason for the high permeability of tumor tissue is an overexpression of
the vascular permeability factor (VPF) and vascular endothelial growth factor (VEGF) and
secretion of hormones like basic fibroblast growth factor (bFGF).?4 The EPR effect has been
demonstrated in several studies using micelles,[”) liposomes,!?! polymer conjugates, 621 and

nanoparticles.?®!

1.1.4 RNA Interference (RNAI), Promises and Pitfalls

The discovery of the catalytic properties of RNA in the early 1980s, post transcriptional gene
silencing in plants,i?® proof of specific gene silencing in the nematode worm C. elegans in the
1990s,1%% sequence specific gene silencing using siRNA in mice,®! and recent evidences of
gene silencing in humans using siRNAE? are all breakthroughs that expand the scope of RNA

function beyond a passive intermediate between DNA and protein.

Among the recent advances, RNA interference (RNAI) has attracted a great deal of
attention. This process is a regulatory mechanism that can control the expression of endogenous
genes by base pairing of small RNAs (like siRNA) with messenger RNA (mRNA). This
pathway first emerged as a result of probing the gene function using antisense approaches.3
Soon after the awareness of the RNAi mechanism in mammalian cells in 2001,34 and its role
in gene expression control, it became clear that this process can be harnessed to study gene
regulation and function in eukaryotes.[*>%! Particularly, the high specificity of gene silencing
by RNAI could be utilized as a new class of drugs that are gene-specific and can silence

diseases-causing or disease-promoting genes.37-3€l

Although early studies suggested that siRNA held the potential to selectively target and
silence any gene, recent advances, however, suggest that harnessing this intrinsic potential in
reality remains a great challenge. Nevertheless, sSiRNA based therapeutics are still considered
an attractive strategy to address multiple diseases because they “can be developed” to silence
any gene, have a picomolar range efficacy that can reduce possible adverse side effects, and
can have a long lasting (a few weeks) therapeutic effect. Moreover, sSiRNA synthesis is
relatively straightforward compared to therapeutic proteins. Nonetheless the significant
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therapeutic potential of SIRNA needs to be realized by addressing the problems of “delivery,

delivery, and delivery .1

1.1.5 Gene Silencing Mechanism by siRNA and miRNA

Gene regulation is mainly governed by two types of small RNA molecules with 20-30
nucleotides. These molecules are microRNA (miRNA) and SiRNA. In spite of their
fundamental similarities, miRNA and siRNA have different cellular origins and target
recognition modes.“)1 The origin of siRNA may be endogenous or exogenous, whereas
mMiRNAs originate from genome. Another main difference between siRNA and miRNA is in
their structural features. Double strands of RNA (dsRNA), as precursor of siRNA duplexes,
has a perfect base pairing. miRNA helices in contrast, own mismatches and extended terminal

loops.

Gene silencing by siRNA starts with the cleavage of long (~30 base pair) dsRNA in the
cytoplasm by an endoribonuclease named Dicer. The resulting siRNA is then loaded into a
complex called RISC. In RISC, the catalytic component Argonaute 2 (AGO2) cleaves and
releases one strand of the RNA. As a result, RISC becomes activated and can specifically target
mRNA with the help of a guide strand through complementary base pairing. The mRNA is
then cleaved between base 10 and 11 relative to the 5' end of the siRNA guide strand, which

causes MRNA degradation, prevents translation, and thereby silences the gene (Figure 5a).[*!]

Long primary miRNA (Pri-miRNA) are transcribed from endogenous miRNA genes by
RNA polymerase Ill. These primary transcripts contain stem-loop structures with 65-70
nucleotides. Later, pri-miRNA transcripts are cleaved by ribonuclease Drosha, an enzyme from
RNase Ill-family in the nucleus to generate the precursor miRNA (or pre-miRNA). The
resulting hairpin structures are transported into cytoplasm where they are incorporated into
RISC. The following steps proceed with a similar mechanism like siRNA. Perfect
complementary base pairing to the mRNA in the case of siRNA results in degradation of
respective mRNA whereas partially complementary binding of miRNA to the mRNA cause

MRNA translational arrest (Figure 5b).

The control over the gene expression by these two types of small RNAs generates a great
opportunity to target many diseases. Today, it is known that miRNA dysregulations play a
critical role in various diseases such as heart diseases, viral infections, and cancer.[*

Particularly, in cancer, miRNASs regulate tumorigenesis by either an upregulation of oncogenic
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miRNAs or a downregulation of tumor-suppressing miRNAs. Therefore, therapeutic actions
may be realized by either induction of RNAI as result of introducing synthetic pre-miRNA (or
miRNA mimics) or inhibiting this pathway by blocking the RNA strand in the RNA induced
silencing complex (RISC) (Figure 5, pathway 1 or 2).1%
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Figure 5. a) siRNA gene silencing pathway. Cleavage of dsRNA by Dicer followed by siRNA loading
into the RISC. Cleavage and release of passenger strands of RNA by AGO2. Targeting mRNA by RNA
guide strand, cleavage of mRNA, and resultant gene silencing. b) miRNA gene silencing pathway. Pri-
miRNAs are cleaved by Drosha and form pre-miRNAs which are exported to the cytoplasm. The
enzyme Dicer binds the pre-miRNA and cleaves the mature miRNA from hairpin structure. Passenger
strand is released and guide strand with several proteins of RISC bind non-complementary to the mRNA
resulting in translational arrest. 1 and 2 are possible pathways to induce or inhibit RNAi by miRNAs.
Figure was reprinted with permission from ref. [44]. Copyright Nature Publishing Group (2012).

1.1.6 siRNA Modifications

SIRNA molecules cannot readily enter the cells due to their macromolecular nature, high
negative charge, and hydrophilicity.[*! To facilitate the uptake of sSiRNA molecules into the

target site, SIRNA may be chemically modified. Nonetheless, cellular entry is only one reason
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to modify siRNA molecules. For in vivo applications, siRNA needs to avoid enzymatic
cleavage that can trigger the innate immune systems as well.[*6481 2"-O-methyl modification of
the sugar moieties on certain nucleotides in both siRNA strands can reduce such activation of
the immune system. In addition to 2"-O-methyl incorporation, 2"-methoxyethyl, 2"-deoxy
(2°H), 2"-fluoro, locked nucleic acids (LNAs), phosphorothioate (PS) or boranophosphate
derivatives (BP) have been shown to improve the enzymatic stability of SIRNA therapeutics
(Figure 6).[4-51
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Figure 6. Schematic representation of various siRNA modifications. Chemical modifications (red and
blue groups) or changes in the ribose conformation (LNA; UNA) render siRNA enzymatic stability.
Figure has been adapted with permission from ref. [52]. Copyright Royal Society of Chemistry (2013).

Moreover, conjugation of siRNA to lipophilic groups like cholesterol or formation of other
siRNA lipophilic conjugatest®54 like Toc-siRNA and bile- and fatty acid-siRNA have been
shown to improve their plasma protein binding, pharmacokinetics, and tissue distribution.!
Furthermore, siRNA molecules have been modified to decrease the toxicity associated with
non-selective gene silencing or the so called off-target effects. These modifications include
incorporation of 2°"OMe, 2°F, 2°H, and unlocked nucleic acids (UNA) on the siRNA guide
strand, changes of the purine and pyrimidine bases, and altering the number of siRNA

nucleotides in both siRNA strands.[>2

1.1.7 Direct or Systemic siRNA Delivery

The incorporation of siRNA into the RNAI machinery requires the delivery of this molecule

into the cytoplasm of the cell. Delivery of the siRNA into cytoplasm depends on the targeted
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organ and the route of administration. Systemic, local, and topical administrations are the three
main modes of siRNA delivery.*! In general, direct (local and topical) delivery of the SIRNA
into the target tissue encounters fewer barriers than systemic delivery. Higher bioavailability
and lower risk of unfavourable effects are further advantages of direct delivery. The topical
approach has been utilized for siRNA delivery into organs like eye,! skin,®®! and vaginal®’]
targeting macular degeneration, atopic dermatitis, and herpes simplex virus diseases,
respectively. Examples of local siRNA delivery into organs include lung®® in severe acute
respiratory syndrome (SARS), brain®® (Huntington’s disease), and spinal cord® (chronic
pain). In contrast to direct delivery, systemic administration of SiRNA formulations (SiRNA +
delivery system) allows one to access a wider range of tissues for therapy. Organs like liver
(hypercholesterolemia), heart (myocardial infarction), kidney (kidney disease), and
metastasized tumors (Ewing’s sarcoma) which cannot be targeted by direct routes become
accessible for therapy upon systemic administration.*® Further details about the SiRNA

systemic administration route and its hurdles are discussed in the next section.

1.1.8 In vivo Barriers of siRNA Formulations*

SiIRNA formulations, introduced through the systemic route, face multiple hurdles before
reaching their site of action, cytosol.**! Following intravenous administration of siRNA
molecule and due to its relatively small size, rapid renal excretion happens with a plasma
clearance rate (CL) of 17.6 ml min“2.[3 Particles with a hydrodynamic size of less than 10 nm
cannot avoid renal clearance. Complexation with a carrier can increase the size of the particle
and decrease the chance of kidney filtration. The next challenge starts as SIRNA meets blood
components as well as extracellular elements. sSiRNA formulations can build aggregates with
serum proteins, which are removed by phagocytes (Figure 7a). Phagocytic cells like
macrophages and monocytes efficiently remove any foreign material and are considered an
important immunological barrier.®2 siRNA molecules are also highly susceptible to
degradation by RNases (Figure 7b) both ex and in vivo. The stability of these molecules in the
exposed environment is extremely important for an optimal clinical effect. siRNA
encapsulation/complexation with an appropriate carrier may increase the stability of the sSiRNA
molecules. Another obstacle in the delivery of the sSiRNA formulations to certain tissues is the
extravasation from the blood stream. If the size of the molecule is larger than 5 nm, it cannot

cross the endothelium and will stay in the blood till clearance. However, in some
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reticuloendothelial system (RES) organs, such as liver and spleen as well as tumor tissue,

molecules up to 200 nm are able to pass through (Figure 7c).[6
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Figure 7. Challenges and barriers ahead of siRNA formulation after systemic delivery. a) Undesired
interactions of siRNA formulations with blood components and phagocytes, b) degradation by RNA
nucleases, ¢) extravasation from the blood stream, d) cellular membrane barrier, €) endosomal release,
) siRNA release form the carrier and accessibility to RNAi machinery. Figure adapted with permission
from ref. [64]. Copyright Nature Publishing Group (2014).

After overcoming the blood endothelial wall barrier, the SIRNA complex arrives in the vicinity
of the target cell and has to pass through several physical barriers including cellular membrane
(Figure 7d). Due to their relatively large size (~13 kDa), hydrophilicity, and highly negative
charge, “naked” siRNA molecules cannot cross the biological membranes. However,
complexation of the sSiRNA can promote its endocytosis, especially in the presence of binding
ligands. In cytoplasm, siRNA formulation should escape from the endosomes before ending
up in the lysosome where the pH significantly drops and degradative conditions can affect
siRNA formulation and degrade the siRNA (Figure 7e). Ultimately, siRNA should be released
from its carrier (Figure 7f) and become accessible to the RNAi machinery.[®]

10
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1.2 Gene Delivery Systems
1.2.1 Viral Gene Delivery Systems, Benefits and Drawbacks

Gene therapy through different mechanisms, including introduction of a corrective gene to
express a specific protein in transfected cells (gene augmentation), site specific gene repair, !
and gene silencing approaches, can possibly treat or slow down the progression of many
diseases.[®”-%81 Classical gene therapy has been mainly dominated by viral vectors that resulted
from replacing the main part of viral genome with therapeutic nucleic acids. Viral vectors!®
are still considered the most efficient nucleic acid delivery systems.["” In fact, viruses such as
adenovirus,[* adeno-associated virus (AAV),[? and retrovirust™! have learned sophisticated
mechanisms over many years that surmount multiple barriers to deliver their genome into host
cells efficiently. Generally, the results of viral vector applications for therapeutic purposes have
been mixed. The catastrophic death of a patient due to excessive innate immune responses after
a clinical trial of adenoviral gene therapy™ or the development of leukemia following
retroviral gene therapy! are on the dark side of their application history. On the other hand,
there have been reports of successful viral vector applications.[’®7"1 Overall, the concerns about
excessive immune responses upon utilization of viral vectors, their low cargo loading capacity,
and wild-type virus reproduction remain the main road blocks for their broader application.
Other difficulties like complexity of production, especially problems regarding large scale
production, remain to be addressed.l’®7°! Therefore, a great deal of effort has been devoted to
modifying viral systems!®! to make them safer nucleic acid vehicles. Due to the limitations of
viral vectors, approaches like designing “synthetic viruses” may be better alternative
approaches.® Indeed a number of studies have focused on mimicking viral delivery systems
using polymers, lipids,®? and inorganic materials for nucleic acid delivery.[® 3 Furthermore,
other physical and mechanical methods like injection of naked SIRNA/DNA,
electroporation,’® sonoporation,®! microinjection!®! and microfluidic approaches®” also

have been explored as non-viral delivery strategies.

1.2.2 Non-Viral Gene Delivery Systems
1.2.2.1 Polymeric Nanocarriers

Non-viral gene delivery systems can be broadly classified into polymeric carriers,®8 lipid-

based carriers,[®-°% dendrimer-based carriers,®! peptides,®® and other nanoparticles.!

11
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Polymers and lipid-based materials are among the most repeatedly used non-viral vectors.
Cationic polymers form polyelectrolyte complexes with negatively charged phosphate
backbone of the nucleic acids called polyplexes. Cationic lipids with a hydrophobic tail and a
positively charged head group, on the other hand, interact through their positively charged head

groups with genetic materials to form supramolecular structures called lipoplexes.

Polymeric systems with different architectures, shapes, and molecular weights have been
employed for siRNA delivery.[® These polymeric materials can be broadly divided into two
classes of natural and synthetic polymers. Chitosan and Cyclodextrin (CD) are well-studied
examples of natural biopolymers that have found application in nucleic acid delivery.’% The
main reason for the application of natural polymers is their inherent biocompatibility and the
toxicity issues associated with synthetic analogues. CD has found even more attention due to
the successful application of a CD-based delivery system which is the first polymeric

compound to enter clinical trials.*?

1.2.2.1.1 Natural Polymeric Nanocarriers

Chitosan

Chitosan is a biocompatible, biodegradable, and positively charged linear polymer with low
immunogenicity and cytotoxicity. Due to these characteristics, chitosan is considered an
appropriate non-viral candidate for nucleic acid complexation and delivery.[®*¢ Chitosan is a
polysaccharide composed of D-glucosamine and N-acetyl-D-glucosamine units that are linked
through a p-(1,4) glycosilic bond. Since more than two decades, many studies have focused on
modulation of chitosan scaffold to gain higher transfection efficiency.®” Investigations were
done on many aspects, including the correlation between MW and nucleic acid delivery
efficiency,®® improved chitosan’s cationic charge density,®® buffering capacity,[*®! and

transfection efficiency.[*1]
Cyclodextrin

The first report of using CD-based material for gene delivery was in 1999 for in vitro delivery
of pDNA.1% CDs are naturally occurring cyclic oligosaccharides composed of a-(1,4) coupled
D-glucopyranose units. CD-based polymers (CDPs) were optimized by the group of Mark E.
Davis for over a decade.l*®! As a result of these intensive studies, a polymer-based delivery

system was ready to enter clinical trials in 2008 (Figure 8).

12
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The main component of this system was low molecular weight cyclodextrin polycationic
oligomers (n ~ 5), an adamantine-PEG conjugate (AD-PEG), and adamantine-PEG transferrin
conjugate (AD-PEG-Tf). CD oligomers contain a highly basic amidine functionality that
guarantees an efficient condensation of nucleic acids at low N/P ratios. Introduction of

imidazole groups at the termini of CD resulted in improved endosomal release properties.%
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Figure 8. Schematic detailed structure of a CD-based polymeric nanocarrier that entered clinical trials
(CALAA-01). Figure was reprinted with permission from ref. [105]. Copyright Nature Publishing
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Adamantine-PEG (AD-PEG) and adamantine-PEG Transferrin (AD-PEG-Tf) were
incorporated to CD to improve the properties of final nanoparticles for in vivo applications.[*6]
The surface of the CDP could be decorated by PEG shell*® and Transferrin as a result of
adamantine inclusion with cyclic part of CD to improve efficacy.[!% After evaluation of these
systems in silencing several cancer associated genes,*%! the translation of targeted CDP-based
system, CALAA-01, was examined in a dose-range study against ribonucleotide reductase
subunit M2 (RRM2), in non-human primates.*'% Finally, the siRNA mediated cleavage of

RRM2 mRNA using CALAA-01 was proven in phase | clinical trial on melanoma patients.[*?

1.2.2.1.2 Synthetic Polymeric Nanocarriers
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Poly(ethylene imine) (PEI)*

Dendrimers as a new class of synthetic polymeric structures appeared in 1980s.[**) Compared
to linear or traditional branched structures, dendrimers have various advantages including
multifunctionality (for multivalent interaction and recognition in biological systems),*?l
defined structures (a controllable dimension and composition), 3D architectures, and low
dispersity. For dendrimers as an attractive class of macromolecules, many applications have
been foreseen from solubility enhancers,[*'3114 contrast agents in MRI,115111 gene and drug

delivery platformst*'&124 to photodynamic therapy™??1?°! and beyond.[*2¢

NH,
H HzN/\ NH,
HaN o~ NS >N
H,N " H H,N
H2N\) NHz[N\/\N]
H

Figure 9. Hyperbranched poly(ethylene imine) (PEI), the depicted structure represents only a small
idealized fragment of hyperbranched high MW PEI.

Hyperbranched poly(ethylene imine) (PEI) is a commercially available polymer, which has
been produced for about 50 years on a ton scale by BASF (Lupasol®).[*?”l Today, PEI can be
produced with a relatively high degree of branching (62-84%), narrow molecular weight
distributions (polydispersity index (PDI) typically below 2.0),*?1 and number average
molecular weights (Mn) up to 10000 g/mol. This corresponds to the typically used PEI 25 kDa
(with PDI of about 2.5) as well. Due to its high transfection efficiencies in vitro, PEI is often
considered as the gold standard for gene delivery studies. A variety of PEI derivatives have
already been tested and numerous physical characterizations of PEI/DNA complexes including
size, shape, surface charge, and concentrations for their gene transfer efficiency have been
performed. Most of them focused on both the degree of branching and the influence of

molecular weight on transfection efficiency.

The first studies in this direction using PEI were reported by Behr et al. in 1995.11281 |_ater a
systematic structural analysis was performed by Kissel et al. to elucidate the effects of
molecular weight and degree of branching on the efficiency of PEI for intracellular delivery of
the genes. In 1999 this group reported the synthesis of low molecular weight PEI (LMW-PEI)
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and compared its transfection properties and cytotoxicity profile to commercially available
high molecular weight PEI (800 kDa, HMW-PEI).[!?° They observed that the LMW-PEI
showed a lower degree of branching that had a relatively low in vitro cytotoxicity profile and
100-fold higher expression of luciferase in 3T3 cells than HMW-PEI. The authors postulated
that the higher transfection efficacy of the low MW analogues was caused by the lower
cytotoxicity and the formation of stable nano-sized particles capable of being endocytosed.
Furthermore, they reported the synthesis of LMW-PEI with a degree of branching of 50%,
which resulted in an improved gene vector in comparison to commercially available PEI of 25
kDa MW. The excellent properties are believed to be the result of both the lower molecular

weight and reduced degree of branching.!*3%

Furthermore the effect of grafting poly(ethylene glycol) (PEG) on PEI in DNA transfection
and stability of final polyplexes was studied.[**! By analyzing the PEG length and density
effect on the transfection efficiency in vitro, it was found that DNA most effectively
transfected, when a high density of relatively short (550 Da) PEG chains were grafted onto
PEL[*32] Interestingly, siRNA gene silencing was more effective when a low density of longer
(5 kDa) PEG chains was conjugated to PEI. To overcome the high toxicity of PEI and the
relatively low transfection efficiency of the pegylated PEI systems (PEG-PEI), several
examples were reported using targeting moieties which promoted an enhanced cellular
uptake. 3]

Melittin is an active peptide with membrane destabilizing properties. To tune the lytic activity
of this peptide under acidic condition in endosome, several analogues of this peptide were
prepared by substitution of a few neutral glutamines groups in its sequence with glutamic acid
residues. The conjugation of new melittin analogues greatly improved the endosomal release
properties of PEI (25 kDa). The enhanced endosomal release properties notably improved the
gene transfer capacity of PEI in four various cell lines.!*34 In a similar study, melittin, was used
to improve the efficiency of siRNA transfection by poly L-lysine (PLL) and PEI. In order to
switch the lytic activity of this peptide in the site of action and under acidification in lysosome,
dimethylmaleic anhydride (DMMAnN) was used to mask the amine groups of this peptide. A
pH-responsive analogue of melittin peptide could be prepared this way. Furthermore, PLL and
PEI were post-modified with hydrophilic PEG to achieve polyplexes with an appropriate size
for transfection. The siRNA transfection efficacy of two polycations significantly increased as

result of this functionalization.*3%!
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The application of cationic polymers, particularly for repeated in vivo administrations, is
limited due to the high toxicity and lack of biodegradability associated with cationic polymeric
carriers. Therefore, as an alternative approach, many laboratories have focused on
biodegradable polymeric scaffolds. A successful example of such systems was introduced by
Wagner and coworkers. A B-propionamide-cross-linked analogue of oligoethylenimine (OEl),
OEI-HD, conjugated to serum protein transferrin (Tf), as targeting agent, was prepared and
evaluated for siRNA transfection in vitro and in vivo. As result, an efficient knockdown of
luciferase gene in neuroblastoma cells and a specific down regulation of Ran protein expression

and induction of apoptosis in Neuro2A tumors in mice model were attained.[**]

Furthermore, Wagner and coworkers have utilized the solid phase peptide synthesis strategy to
synthesize sequence defined Fmoc/Boc protected artificial oligo(ethylene amino) acids
consisting of a different number of diaminoethane units (for endosomal buffering properties),
lysines (as branching units), cysteine (for formation of bioreversible disulfide bonds), and a
hydrophobic domain. Therefore, a library of defined i-, T-, and U-shape polymers were
synthesized and compared for efficient pDNA and siRNA delivery. This study demonstrated
the critical role of polyplex stabilization by cysteine residues, the number of diaminoethane
units for efficient DNA/SIRNA binding, and enhancement of membrane disruptive and
endosomal release properties of the final carrier by introducing protonable amines (at low

endosomal pHs) and hydrophobic residues like linolic acid.[*"]

Poly(amidoamine) (PAMAM)*

Poly(amidoamine) (PAMAM) dendrimers were first introduced by Tomalia and coworkers.*38l
These dendrimers consist of repeating amide and amine units (Figure 10). They are synthesized
by repeating the Michael addition of an amine into an a,B-unsaturated ester followed by

amidation with excess of ethylene diamine.

In an important study, transfection by PAMAM was reported for the first time by Haensler and
Szoka in 1993.1*31 After that, Kukowska-Latallo et al. explored transfection efficiency of
different generations [G5-G10] of PAMAM dendrimer in mammalian cells.*4? Stability of the
DNA-PAMAM complexes towards nuclease degradation was also explored by the same
group.l*Y Later on in a key study, the role of proton sponge effect in transgene delivery was

investigated with cationic polymers containing buffering amines.[*4? Buffering occurs when
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the low pH within the endosome promotes the uptake and accumulation of chloride ions. This

results in endosomal swelling/lysis and release of the genetic materials.[*4?

A large number of studies have been devoted to improvement of PAMAM characteristics such
as structural flexibility, plasma membrane interactions as decreasing cytotoxicity. In order to
alter the structure of the PAMAM dendrimer for gene transfection, regarding the cytotoxicity,
the surface of the dendrimer was neutralized by different strategies. As an example, Park et al.
synthesized an internally quaternized PAMAM dendrimer with hydroxyl groups on the
periphery. The resulting compounds showed reduced cytotoxicity compared to unmodified
PAMAM and PEI.*I As a result of early studies on the role of dendrimer structure in gene
delivery, partially degraded dendrimers were investigated. This group of dendrimers showed
increased transfection, which was assigned to their increased structural flexibility. This helps
DNA to compact and release easier upon pH changes. Currently, a partially degraded PAMAM
dendrimer named ‘Superfect’ is commercially available and often used as a standard for in vivo

gene transfection studies.[*44!

Furthermore, we synthesized fully branched pseudodendrimers (analogue of PPI and
PAMAM) using PEI as a core in a two-step procedure. The effect from increasing DB
(therefore decreased structural flexibility) and altering PEI molecular weight on the
transfection efficiency and cytotoxicity of PEI/PAMAM and PEI/PPI polymers was
investigated. The best transfection efficiencies were observed for polymers whose PEI core
molecular weight ranged from 6000 to 25,000 g.mol™. The most efficient transfection was
demonstrated in NIH/3T3 and COS-7 cell lines, for PEI/PPI with a 60% degree of branching
and PEI of MW = 25,000 g.mol.[45]

After proving the importance of flexibility in the structure for gene transfection by
dendrimers, a series of PAMAM dendrimers with triethanolamine (TEA) core were
synthesized and evaluated by Wu et al.[**®! This structural alteration increases the possibility
of accommodating branched structures into the dendrimers. These structurally altered
dendrimers have been explored for gene transfection. Such dendrimers form stable nanoscale
particles with siRNA that are protected from degradation!**”] and better uptaken into the
cells.* 8 They were capable of transferring the siRNA into the human T and primary PBMC
cells, and effectively silencing genes.'*% These dendrimers with the branching groups pointing

away from the center were further investigated for in vitro/vivo gene delivery. In 2011, the
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potential of such dendrimers was shown for gene transfection in epithelial and fibroblast cells

and more importantly in mouse thymus.*5%
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Figure 10. Idealized structure of G4, poly(amidoamine) (PAMAM).

In addition to reducing the toxicity and structural modifications, significant attempts have
already been made to increase the plasma membrane interactions with PAMAM dendriplexes.
Modification of the dendritic PAMAM with GALA, a membrane-destabilizing peptide, L-
arginine, and hydrophobic amino acid such as phenylalanine, or alkyl lipid chains onto the

periphery, improved gene transfection in comparison to commercially available PAMAM.[13%:
151-152]

After improving the cytotoxicity, structural features, and plasma membrane interactions of
PAMAM dendrimers, the next issue to address was the cell specificity. An important strategy
for localization of the genetic materials is incorporation of a targeting moiety. A targeted carrier
was designed based on generation four [G4] PAMAM dendrimer labeled with quantum dots
and decorated with epidermal growth factor (EGF) as the targeting moiety. The resulting
nanoparticles were within the cells expressing EGFR more than in the cells lacking the
receptors. The targeted vector significantly reduced the expression of yellow fluorescent
protein (YFP) as well.[*53]
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State of the Art, Dendritic Polyglycerolamine

Over the last decade PG-based structures have been tailored for a broad spectrum of
applications.™4 In fact, developments like new synthetic approaches to cover a range of
dimensions (from nm to several um), control over the degree of branching, low dispersity, and
intrinsic advantages like multiple hydroxyl groups for facile post-modification make PG an
ideal platform for a wide spectrum of purposes. The diversity of these applications*>>% is an

indication of PG scaffold’s versatility.

Among the vast array of applications, our group recently functionalized dPG with primary
amines!*® to achieve efficient complexation and transfection of DNA/SiRNA. Therefore,
Fischer et al. introduced various synthetic and natural oligoamines to a 10 kDa polyglycerol
scaffold via a pH-responsive linker. In this work, a series of core shell architectures were
derived from dPG, bearing biodegradable carbamate linkers. These pH responsive core shell
architectures were able to silence the expression of different proteins (Lamin, CDC2, MAPK?2)
using a human epithelial carcinoma cell (HeLaS3) line.[*81 Attachment of pH-labile shell to
the dPG resulted in a polycationic structures, which were able to form stable complexes with
SiRNA and release the siRNA through cleavage of the carbamate bond. The degradation of the
shell led to a reduction of affinity and consequent release, because the multivalent interactions
between the dendritic polyamines and the siRNA were destroyed. In vivo degradation of such
cationic vehicles is of high significance for efficient therapeutic delivery. In fact, the
appropriate degradation of the polymers into low molecular weight breakdown products
enables the reduction of cytotoxicity by reducing cumulative cellular exposure time and an

easy elimination by excretion pathways.

In the same study, an analog of dPG-NH2 with high (> 90% on a 10 kDa dPG) amine DF
was evaluated for siRNA transfection in vitro (Figure 11). This nanocarrier showed the best
transfection/toxicity ratio. Following the encouraging results of dPG-NH2 90%, this
nanocarrier was further evaluated for siRNA transfection in an in vivo set up.!*%2l In this study,
four dPG- or PEl-based nanocarriers, including PEI-gluconolactone (PEI-Glu), (PEI)-
polyamidoamine (PEI-PAMAM), polyglyceryl pentaethylenehexamine carbamate (PG-
PEHA), and dPG-NH2 90%, were assessed regarding siRNA complexation, transfection
efficiency, and toxicity in vivo. Among the synthetic nanocarriers evaluated in this study, the
best siRNA transfection efficiency with regard to the toxicity after systemic delivery was

observed for dPG-NH2 90%. Indeed, this work demonstrated that intratumoral and intravenous
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administration of dPG-NH290%/siRNA polyplexes resulted in efficient knock down of the

target gene with reduced toxicity compared with other evaluated nanocarriers.[*?1
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Figure 11. Idealized structure of a 10 kDa dendritic polyglycerolamine (dPG-NH,) with a high degree
of amine functionalization.

Furthermore, Fischer et al. synthesized two PG-based photo-responsive core shell
nanocarriers for efficient transfection and controlled release of DNA. Therefore, a 10 kDa PG
core was post-modified either with bis-(3-aminopropyl) methylamine (AMPA) or
pentaethylenehexamine (PEHA) via a photo-responsive o-nitrobenzyl linker. The new
photolabile core/shell architecture could efficiently complex dsDNA (21-mer). Furthermore, a
fast (within 2 min) triggered release of the nucleic acid cargo from its polyplex upon UV

radiation was demonstrated.!*6!

1.2.2.2 Lipid-Based Nanocarriers*
1.2.2.2.1 Dendritic Micelles

In most cases, large polycationic dendrimers based on polyamines have been employed as
dendritic based carrier systems for nucleic acid delivery. Although such systems can perform
highly effective gene delivery, they also exhibit challenging toxicity profiles that can cause
problems due to their persistence inside the cells after gene delivery has taken place.[®4]

Therefore a different approach has been applied using dendron-based architectures in which a
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hydrophobic group at the focal point (amphiphiles) encourages self-assembly of the dendrons.
This provides a unique way to create supramolecular functional materials
“pseudodendrimers.”*® Based on their amphiphilic nature, dendrons of this type are

considered as cationic lipids for nucleic acid delivery.[*6

Kataoka et al. reported the synthesis and evaluation of nanosized polymeric micelle
structures as promising siRNA carriers. These micelles were prepared to contain three main
features: poly(ethylene glycol)-block-poly(L-lysine) (PEGb-PLL) comprising lysine amines as
a SIRNA binding segment, a hydrophilic nonbinding segment, and cyclo-Arg-Gly-Asp (cCRGD)
as a cell-surface binding peptide. This formulation resulted in improved control of micelle
formation and also increased stability in the blood compartment, while installation of the cRGD
peptide improved biological activity and increased gene silencing ability. Addition of the
CcRGD peptide to the micelle structure resulted in a targeted delivery of sSiRNA to the site of
activity and improved tumor accumulation and cellular uptake following intravenous injection.
They could show that stable and targeted micelles inhibited the growth of subcutaneous HelLa
tumor models and demonstrate gene silencing in the tumor mass following treatment with

antiangiogenic siRNAs.[16%
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Figure 12. Dendritic micelles prepared by self-assembly of dendritic amphiphiles.

Wagner et al. developed a novel synthetic strategy via click chemistry for site-specific
epidermal growth factor (EGF)-PEG functionalization of PAMAM dendrons. In earlier studies,
it was reported that EGF ligand modification improved the transfection efficiency of PEI
polyplexes 10-100 fold due to the accelerated internalization of polyplexes via epidermal
growth factor receptor (EGFR)-EGF interactions.*®®! To evaluate the influence of EGF
conjugation on the gene transfection efficiency of chain terminal modified PEG-PAMAM
dendrons, two polyplex compositions and three different polymer to pDNA weight ratios were
tested. Oligoamines with a higher density of secondary amino groups resulted in higher gene

transfection efficiency, which was assumed to be due to improved proton sponge capacity. The
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PAMAM-pentaethylenehexamine (PAMAM-PEHA) dendron structure was selected as a basis
for incorporation of EGF-PEG via click chemistry. The EGF-PEG functionalized (PAMAM-
PEHA) dendron polyplexes displayed better gene transfer ability in EGFR overexpressing
HuH-7 cells than EGF-free PAMAM polyplexes. Higher generation PAMAM shows high
transfection efficiency but causes, at the same time, more cytotoxicity than the low generation
ones. To exploit the full potential of PAMAM dendrons as nucleic acid carriers, the impact of
chain terminal modification in terms of transfection properties was studied.®®! Lu et al.
reported an optimized synthetic procedure of two pH-sensitive amphiphilic carriers, N,N’-
bis(oleoylcysteinylhistidyl) lysine ethylenediamine monoamide (EKHCO) and N,N’-
bis(oleoylcysteinyl)lysyl]histidylhistidine ethylenediamine monoamide (EHHKCO).['¢7]
These amphiphiles had low critical micelle concentrations and readily formed nanoparticles
with pDNA and siRNA. Both carriers showed pH- and concentration-dependent membrane
disrupting abilities in free or complexed form with pDNA or siRNA, which resulted in high
cellular uptake of pDNA and siRNA and low cytotoxicity at physiological pH. Both EKHCO
and EHHKCO resulted in higher gene silencing efficiency in U87 cells than DOTAP.[167]

In comparison to these block-copolymer aggregates, the more defined dendritic amphiphile
can play a distinctive role in controlling the biological behavior, e.g., it is possible to control
the self-assembly into dendritic micelles through the choice of the hydrophobic group at the
dendron focal point.[*8 This difference allows micelles to be significantly smaller (5-20 nm)
than liposomes and block copolymer micelles and also means that hydrophobic drugs can be
encapsulated, leaving the hydrophilic cargo or contrast agents to be appended to the surface.%]
Kataoka et al. have introcduced polymeric micelles based on poly(ethylene glycol)-block-
poly(L-lysine) (PEGb-PLL) that in contrast to the aforementioned micelles can incorporate

siRNA, as hydrophilic polyanionic molecule, in their cationic core.[*65]

One advantage of dendritic micelles over liposomes is their ability to carefully control the
carrier size. Recently Peng et al. developed efficient amphiphilic dendrimer vectors for the in
vitro and in vivo delivery of Hsp27 siRNA in a castration-resistant prostate cancer model that
showed significant gene silencing and potent anticancer activity.[!”® This vector is a
lipid/dendrimer hybrid which has a long hydrophobic alkyl chain and a low generation
hydrophilic PAMAM dendron with seven tertiary amines in the interior and eight primary
amines at the terminals. Its ability to deliver sSiIRNA and induce gene silencing was investigated

on the basis of luciferase gene silencing experiments in A549Luc cells. An exceptionally
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powerful gene silencing with the specific GL3Luc siRNA was observed, whereas no gene

silencing was observed using the nonspecific GL2Luc siRNA bearing 3 mismatches. [

Recently our group also presented multivalent oligoglycerol dendrons based on low
molecular weight amphiphiles with well-defined structures that express controlled glycine
arrays on their surfaces.!*8*l In this study, the controlled loading of amine content on the surface
of the dendritic head-groups using facile chemo-enzymatic and chemical synthetic routes*’*]
was reported and the structure—activity relationships with respect to the siRNA/DNA
complexation, toxicity and transfection profiles with the synthesized polycations were studied.
The transfection measurements clearly indicated that the efficiency depended on the number
of amine functionalities (glycine loading) on the surface of the dendritic head-group. Enhanced
efficiency in terms of SiRNA transfection and cytotoxicity was obtained by a second-generation
amphiphilic dendrimer with eight amine groups on its surface that has been designated as G2-
Octamine. G2-Ocatamine acts as an efficient vector to deliver siRNA inside the cell and
achieved potent gene silencing as demonstrated by the knockdown of normalized luciferase
activity and also for GAPDH in HeLa cells. The amphiphilic vector is non-toxic even at a

higher ratio of N/P 100 and shows little immunogenicity in vivo.['%4]

1.2.2.2.2 Liposomes

Cationic lipids are amphiphiles that generally consist of three structural domains: the positively
charged hydrophilic head group, two lipophilic tails or a steroid moiety, and a connecting linker
between the two domains. In aqueous media, self-assembly of dissolved cationic lipid
molecules results in liposome formation. Liposomes are sphere-like lipid bilayers with an
aqueous core (Figure 13). Today lipid-based materials are one of the most widely used non-
viral delivery systems and a number of lipid nanoparticle (LNP) have already entered the
clinical trials.[1%) Before the application of liposomes for siRNA transfection, these systems
were optimized in different studies for DNA delivery purposes.[t% 1721 Most of the liposomes
that have been used for siRNA delivery have cationic or ionisable lipids. Positively charged
lipids acquire several tasks while delivering nucleic acid cargos: encapsulation of negatively

charged siRNA, improvement of cellular uptake, and endosomal release.

In 1987, Felgner et al. introduced (N-[1-(2,3-dioleoyloxy)propyl)]-N,N,N-trimethyl
ammonium chloride), DOTMA, which has been able to efficiently deliver both DNA and
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RNA.B2 1731 | ater, in 2006, for the first time, liposomal siRNA formulations were used for

RNAi-mediated gene silencing in non-human primates.[*’#

In addition to DOTMA, other commonly used cationic lipids are 1,2-dioleoyl-3-
trimethylammonium propane (DOTAP), dioctadecyl amido glycin spermine (DOGS), 3,[N-
(N1,N-dimethylethylenediamine)-carbamoyl] cholesterol (DC-chol), and 2,3-dioleoyloxy-N-
(2-(sperminecarboxamido)ethyl)-N,N-dimethyl-1-propanaminium (DOSPA). Furthermore,
Lipofectamine® (Invitrogen, Carlsbad, CA) and HiPerFect® (Qiagen, Hilden, Germany), are

well known lipid-based formulations that are used as sSiRNA delivery benchmarks.
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Figure 13. Structural organization of cationic lipids: (a) single cationic lipids, (b) transformation to
liposomes, and (c) individual cationic lipid (DOTMA) molecules with their hydrophobic tails facing
each other and hydrophilic tails facing towards an external and internal aqueous solution. Figure
reprinted with permission from ref. [175].

Since the transfection efficiency can be either affected by structural variations in the
hydrophobic domain or the cationic head group, some research groups have investigated such
modifications. The hydrophobic tail chains are either linear and saturated or linear and
monounsaturated ranging from Cs to Czs, of which oleyl, lauryl, myristyl, palmityl, and stearyl
have been the most researched as liposomal vectors.'7®! Several studies on DOTMA- or
DOTAP based derivatives indicate that gene transfer decreases with increasing the length of
hydrophobic chains (C14 > C16 > C18).177-178] Fyrthermore, studies from Byk and Sherman
et al. found that a decrease in alkyl chain length increased the cytotoxicity in both Hela and
NIH 3T3 cell lines.'®1 While various cationic head groups have been investigated, nitrogen-

based motifs (mainly guanidinium and ammonium groups) are still the most widely used. &%
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Floch et al. attempted to improve transfection efficiency and to reduce toxicity by replacing
the ammonium functionality with either phosphonium or arsenium groups. The reduced
toxicity was attributed to the increased atomic radii of As and P compared to N, which resulted
in the formation of larger cationic complexes with reduced charge densities. Additionally, in
vivo gene transfer studies for the phosphonium and arsonium derivatives showed up to a 3600-
fold increase in gene transfer efficiency compared to DOTAP.[8 The major disadvantage to
the in vivo use of cationic lipids is their low transfection efficiency, which is attributed to their
heterogeneity and instability in physiological, i.e., serum containing environments.[*® Since
there are several in vivo studies reporting cytotoxicity of cationic lipids upon administration,

Lipofectamine and HiPerFect® are therefore virtually the best for in vitro experimentation. 811

1.2.2.2.3 Polymer-Lipid Hybrid Delivery Systems

Amphiphile building blocks align in such a way to liposomes that their hydrophilic heads face
the interior and exterior of the supramolecular superstructure, while the interior of the
membrane houses the hydrophobic tails.[**®! This dual nature enables a liposome to envelope
hydrophilic drugs in its interior and hydrophobic drugs in its membrane.[**® Through
electrostatic interactions between the positively charged polar head group and a negatively
charged phosphate group of the nucleic acid, amphiphilic structures self-assemble with nucleic
acids into lipoplexes.['®218% After the uptake, lipoplexes trigger endosomatic release by
provoking membrane perturbation which results in the release of nucleic acids

intracellularly.[83-184]

Currently, one of the most successful liposomal delivery techniques involves the use of
stable nucleic acid-lipid particles (SNALP), which have been used to therapeutically deliver
siRNAs in multiple in vivo models.[*®! In such particles, the siRNA is surrounded by a lipid
bilayer containing a mixture of cationic and fusogenic lipids that have been coated with
diffusible polyethylene glycol.[*¥¢ In 2005, Breen et al. reported the better in vivo knockdown
efficacy of siRNA-SNALP complexes than unformulated siRNA, which was targeted to
hepatitis B virus (HBV) by intravenous injection into mice carrying replicating HBV. siRNA-
SNALP showed reduced plasma clearance and efficient hepatic uptake with dose-dependent,
potent (>1 log10) and durable knockdown of circulating HBV DNA levels in a mouse model
of infection for up to 6 weeks with weekly dosing.[*®¢! Fedoruk et al. demonstrated hepatic

uptake of sSIRNA-SNALP with specific knockdown of apolipoprotein B (ApoB) for treatment
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of hypercholesterolemia in the liver of cynomolgus monkeys.["¢1 The pharmacodynamic (PD)
profile in this study was notable not only for the extent of hepatic ApoB mRNA knockdown
(>80%), but also for its translation to systemic lowering of low density lipoprotein cholesterol
(LDLc) (by 82%) which persisted for several weeks after a single dose.[*’61""] MacLachlan et
al. described the development of a potential therapy for Ebola virus (EBOV) infection. The
treatment of guinea pigs with a pool of the gene-specific sSIRNAs delivered by SNALPs
completely protected guinea pigs against viral infection and death when delivered following
an Ebola virus challenge. Additional experiments demonstrated that seven 2 mg kg™
postexposure doses of nonimmunostimulatory SiRNA-SNALP complexes protected all three
rhesus macques studied."8 Anderson at al. have developed lipid-like materials for low-dose
in vivo gene silencing that are nearly 100 times more efficient at delivering small interfering
RNA than previously studied lipid-based carriers.[*”®] These materials, known as lipidoids, are
synthesized through the conjugate addition of alkyl acrylates, alkyl acrylamides, and alkyl
epoxides to primary and secondary amine molecules. Lipidoids and lipids share many of the
physicochemical properties that cause the formation of liposomes for nucleic acid delivery.
However, lipidoids require fewer synthesis steps and are easier to purify, which makes a high
throughput combinatorial synthesis of lipidoids and rapid in vitro screening of thousands of
potential drug delivery candidates possible.[*® 18] Kono et al. developed a novel cationic lipid
consisting of a third generation polyamidoamine dendron and two dodecyl chains (DL-G3),
which in combination with a fusogenic DOPE achieved efficient transfection of CV1 cells in
the presence of serum by synergetic action of the proton sponge effect and membrane
fusion.[*®! Results showed that the transfection activity of the DL-G3-DOPE lipoplexes was
highly dependent on their composition, such as the N/P and DOPE/DL-G3 ratios.[*®! Torchilin
et al. reported a nanosized micellar sSiRNA delivery system, into which the GFP-siRNA was
incorporated after its preliminary modification with a phosphothioethanol (PE) portion
(SIRNA-S-S-PE) into 1,2-distearoyl-sn-glycero-3-phospho-ethanolamine-N-[methoxy-(poly-
(ethylene glycol))-2000] (PEG-PE) nanoparticles.®8 The siRNA-phospholipid conjugate can
be considered as an amphiphilic copolymer with a hydrophilic sSiRNA and hydrophobic
phospholipid segment with a typical structure of those polymeric amphiphiles which self-
assemble into micelles, and in which the siRNA is fully protected against degradation by
nucleases for at least 24 h.[®8 Furthermore, siRNA could be easily released in the presence of
glutathione (GSH) at a concentration mimicking the intracellular levels. In GFP-C166
endothelial cells, mixed GFP-siRNA-S-S-PE/PEG-PE micelles down-regulated the GFP
production 50-fold more effectively than free sSiIRNA. Furthermore, those micelles did not show
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any of the cytotoxic side effects typical for sSiRNA delivery systems that are based on

electrostatic association of siRNA with cationic carriers.8]

1.3 Targeted Delivery Approaches
1.3.1 The “Magic Bullet”

At the beginning of 20" century, “Paul Ehrlich,” the founder of chemotherapy, introduced the
concept of drug targeting in an article with the following title: "Aus Theorie und Praxis der
Chemotherapie.” This concept is better known as the “Magic Bullet.” In his point of view, the
“magic bullet” has two main components: One component recognizes and binds to the target
and the second one is responsible for the therapeutic effect.['¥”1 Although pharmaceutical
agents can be coupled directly to the targeting agents like immunotoxinsi*® to achieve
targeting, new approaches based on Ringsdorf’s vision of polymeric drug are possibly a better
alternative. In 1975, Helmut Ringsdorf proposed a rational model for polymeric drugs based
on covalent linkage of therapeutic low molecular weight drug, solubilizing agent, and targeting
moiety to a polymeric backbone (Figure 14).1*%1 Targeting agent assists in biorecognition,
whereas introducing a cleavable linker between the therapeutic drug and polymeric backbone

ensures the release of the drug after cellular uptake in the site of function.

polymer backbone

oy

? \ A
cleavable I|nker[~-\;\,,/o |
V]

@ solubilizing group targeting group

Figure 14. Schematic representation of a polymeric drug according to Ringsdorf’s concept (1975).
Figure was reprinted with permission from ref. [159]. Copyright (2006). Wiley-VCH Verlag,
Weinheim.

In general, successful targeting of pharmaceuticals and their nanocarriers can be achieved
by different approaches. These approaches do not necessarily involve targeting moieties.]
For example, specific physiological features of the target site like tumor microenvironment can
be used to achieve targeting.[*®71 Furthermore, size and surface characteristics of nanocarriers
can be tuned in a way to avoid their uptake by reticuloendothelial system (RES), thereby
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improving their direction to the site of function.[**® Based on EPR, a number of nanocarriers
like polymer-protein conjugates (Styrene maleic anhydride-neocarzinostatin (SMANCS) or
PEG-L-asparaginase) or liposomes have been developed and reached the market in the
1990s.[1%4 Nonetheless, passive tumor targeting is influenced by a number of factors including
size and type of the tumors. Furthermore, EPR is intrinsically a random approach®t! and is
less effective in large tumors due to the avascular regions or in small metastases at their pre-
angiogenic stage.l*®?l Longer circulation time and EPR effect will only increase the local
concentration of the nanocarriers in the vicinity of the cells. To further improve the therapeutic
effect of the drugs including nucleic acid and antineoplastic drugs, internalization into the
interior of the target cells by active targeting strategies is essential. These delivery approaches
are based on utilizing nanocarriers with targeting agents that their receptors or antigens are

expressed uniquely or overexpressed on tumor cells.[*%1]

1.3.2 Targeting Agents
1.3.2.1 Non-antibody Targeting Agents

One classification of targeting agents is into three main groups (Figure 15): receptor ligands
(peptides, vitamins, and carbohydrates), nucleic acids (aptamers), and proteins (mainly
antibodies and their fragments). Different receptors have been employed for drug targeting
approaches, which include vascular receptors like integrinsi®3! and vascular endothelial growth
factor receptor,'*1 plasma protein receptors like low-density lipoprotein receptor®! and
transferrin  receptor,[*®! peptide receptors like Luteinizing-hormone-releasing-hormone
receptor,l%7] receptors for growth factors and vitamins like folate receptors,!*%-1% epidermal
growth factor receptors,?®! and carbohydrate receptors like galectins,?°3 selectin,[?%?1 and

hyaluronic acid receptors.[*%?

Aptamers are short single-stranded DNA or RNA nucleotides that have found applications
as targeting molecules.?l Aptamers may be utilized to target a wide range of large molecules
including transmembrane, intracellular and soluble proteins or carbohydrates, and small

molecules.[191. 204]
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Figure 15. Representation of a monoclonal antibody (mAb) and its fragments, receptor ligand, and an
aptamer as targeting agent. Figure was reprinted with permission from ref. [191]. Copyright (2007)
Nature Publishing Group.

1.3.2.1.1 Targeting a.vps Integrins with RGD

Small tumors at a size of about 2 mm? start to induce the formation of new blood vessels from
the already existing vasculature in a complex process. This process is called angiogenesis.[2%°!
Several groups of adhesion molecules including members of integrin, cadherin and selectin
families are involved in angiogenesis.[?%! Integrins are extracellular cell adhesion receptors
that are involved in several processes.[?972%1 particularly, integrins are involved in adhesive
events that happen during cancer stages like growth, progress, transformation, and
metastasis.[?°?! Although various types of integrins are involved in angiogenesis, ovfs play a
significant role in angiogenesis regulation.[?®®! oyfs receptors are over expressed on tumor
endothelium, tumor blood vessels and cancer cells in many cell linesf?'% and therefore are an

attractive target for cancer therapy and diagnosis.
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Figure 16. a) Arginine-glycine-aspartic acid (RGD) sequence, b) a cyclic monovalent RGD (RGDFC),
and ¢) a cyclic bivalent RGD peptide, E-[c(RGDfK)-].

Arginine-glycine-aspartic acid (RGD) sequence, is known for its preferentially binding to
avfs integrins. The sequence of RGD was first found in fibronectines?*Y! and later discovered
as a peptide sequence in various natural avfs integrin binding ligands. RGD as a cell binding

motif, has been employed for selective imaging of solid tumors especially at the early
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stages.[?'?l Although RGD containing peptides can be found as linear or cyclic structures, cyclic
derivatives of RGD have the advantages of proteolysis resistance (due to their less structural
flexibility) and higher binding affinity to the integrin receptors.?*3l Monovalent, bivalent, and
multivalent pentapeptide derivatives of cyclic RGD (Figure 16) have been conjugated to near

infrared (NIR) dyes or radiotracers for diagnostic purposes.?*4!

One targeting strategy using RGD is to introduce the peptide or its peptidomimetics to the
surface of nanocarriers for therapeutic and diagnostic purposes.?*®! In order to bring nucleic
acids in enough quantities and for a certain time in the target tissue, ligands such as RGD have
been grafted on the surface of nucleic acid delivery systems. Nanocarriers including
liposomes,?*8] micelles,?*"l and nanoparticles?®l have been decorated with RGD to take
advantages of both passive and active targeting. Various polycationic nanocarriers including
PEI,[?% chitosan,?% and poly-L-lysine??!! have shown enhanced transfection results after
grafting RGD on their surface. Similar promising results have also been demonstrated using
RGD-decorated dendrimers.[222-221 Fyrthermore, these studies revealed evidence of receptor
mediated endocytosis and direct interaction of RGD-functionalized nanocarriers with tumor

tissues, in addition to enhancement of gene/siRNA transfection.
1.3.2.2 Antibodies as Targeting Agent

Immunoglobulin (1g) antibodies are heterodimeric glycoproteins composed of two heavy (H)
and two light (L) chains. Igs according to the isotype of their heavy chains are divided (in
mammals) into five subclasses: IgM, IgA, IgD, 1gG, and IgE.[??4 Light and heavy chains in
IgGs have two different domains according to their function: variable (V) and constant (C)
domains (Figure 15). Variable domains recognize antigens, whereas the constant domains are
responsible for functions like Fc receptor binding. Enzyme such as Papain and Pepsin can split
IgG into various fragments.[?® Papain splits IgG into two Fab fragments and a single Fc
fragment while Pepsin digest IgGs into a single dimeric F(ab)2 and a Fc fragment (Figure 15,
antibody fragments). One more fragment of Igs is a single chain Fv fragment (scFvs) that is
constructed by linking the variable regions of heavy and light chains via a short peptide linker.
Antibody fragments show similar binding characteristics as they parent antibodies.[??4
Monoclonal antibodies (mAbs) may be utilized for targeting approaches either as a whole or

antibody fragments.

Milstein and Kohler introduced mAb for cancer targeting in 1981.2261 Antibodies can target

cancer and other diseases with various mechanisms including evoking immune responses
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through complement-mediated cytotoxicity (CDC), antibody-dependent cellular cytotoxicity
(ADCC) or directly inducing apoptosis.??”1 Due to the advances in antibody engineering in the
1990s and early 2000s, several mAbs including rituximab (Rituxan)??® trastuzumab
(Herceptin)i??1 cetuximab (Erbitux®) bevacizumab (Avastin)?% emerged for targeting
different cancer types. In addition to mAbs, antibody drug conjugates (ADC) have found
diverse therapeutic applications.[?®) ADCs exploit the antigen-selectivity of antibodies to
achieve selective delivery into tumor cells. Nonetheless, the early studies on the development
of ADC did not show any significant therapeutic benefits.[?31 Application of murine or
chimeric antibodies that evoke immunogenic responses and the lack of appropriate target
antigen selection have been considered the main reasons of the failure.[?332% Today, two drugs
based on ADC including ado-trastuzumab emtansine (Kadcyla®) and brentuximab vedotin
(Adcetris®), have been marketed in the United States and many more have reached clinical
studies.[?®21 Additionally, site-specific conjugation of radionuclide to mAb generates
Radionuclide Antibody Conjugates (RAC) for therapeutic and diagnostic purposes. Currently
two RAC, ibritumomab tiuxetan (Zevalin®)?®land tositumomab (Bexxar®), that target anti-
CD20 mADbs have been validated for clinical treatment of lymphoma.?%! mAb can be prepared
to target antigens with high selectivity. Nevertheless, antibodies are generally expensive,
instable, time consuming to produce, and inconvenient to store and handle.[?* Non-antibody
ligands, in contrast, have the advantage of being available, easy to handle and manufacture,

although they possess much less selectivity.

1.3.2.2.1 Bispecific Antibodies for Targeting Purposes

Bispecific antibodies (bsAb) have the specificity of two antibodies within one single molecule
and therefore can simultaneously address two distinct antigens or epitopes.[***] bsAbs can be

prepared either by chemical conjugation of two purified mAb or fusing two hybridomas.[%7]

a b G
Figure 17. Schematic representation of two bivalent (symmetric (a) and asymmetric (c)) and one
tetravalent (b) bsAb. Figure was adapted with permission from ref. [237]. Copyright (2015) Elsevier.
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Coupling of antigen binding sites of two different antibodies with diverse strategies can
generate bivalent (symmetric or asymmetric) and tetravalent bsAbs or other molecules like
non-immunoglobulin fusion proteins (Figure 17).[23"1 Owing to genetic engineering, a wide
range of recombinant bsAb formats is currently available for different applications, and more
than 20 recombinant bsAbs have reached clinical trials.[?*" Because of their structural feature,
bsAbs may be used to selectively deliver cells, such as immune effector cellsi?3 or therapeutic
agents, to the tumor site. In general, therapeutic bsAbs have three different action modes
(Figure 18a-c): crosslinking of T cells or natural killer (NK) cells to tumor cells, receptor
signaling interference, and antibody-mediated forced assembly of coagulation entities.[?3"1 A
number of tumor-associated antigens like clusters of differentiation 19 (CD19), CD20, human
epidermal growth factor receptor 2 (HER2), and epithelial cell adhesion molecules (EpCAM)
have been recruited for redirecting immune effector cells to tumors.[®] These antigens exist
on various immune effector cells including T-cells, natural killer (NK) cells, monocytes and

neutrophils.

The initial clinical evaluations of bsAbs were rather disappointing due to the low efficiency
and safety issues.!** However, the European Medicines Agency (EMA) approved in 2009 the
first bsAb, catumaxomab (Removab®) (Fresenius Biotech GmbH/ Trion Pharma) for treatment

of patients with malignant ascites.[?*l
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<Receptor> /] ; I,gfnd> '
[ & N EIE (ox
- ' N

Activation
Protein cascade (clotting)

Figure 18. Therapeutic bispecific antibodies have three different modes of action. a) Crosslinking of T
cells or natural killer (NK) cells to tumor cells, b) Receptor signaling interference, ¢) Antibody-
mediated forced assembly of coagulation entities Figure was adapted with permission from ref. [237].
Copyright (2015) Elsevier.
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Recently, in a different approach, bsAbs have been used in targeted payload delivery. This
strategy is based on simultaneous recognition of the cell surface antigens and a hapten by
bsAb.[242-2431 hsAbs that engage in the binding with a cell-surface marker and haptens have

been already utilized to deliver imaging agents by pretargeting strategies.!?*4-2461 |n the first
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strategy, payloads are conjugated to a hapten that can form a complex with one recognition site
of the bsAb. This way, targeted delivery is achieved by binding the hapten-binding bsAb to the
target antigens on tumor cell. In this strategy, chemical modification of the antibodies as a
targeting agent can be avoided. Chemical modification may cause inactivation of the antibodies

as a targeting agent and/or generation of immunogenic sites within the antibody.?*]

1.3.2.2.2 SNAp-tag Technology for Targeting Purposes

An important approach to study the function of proteins and antibodies in living cells is “protein
labeling” by chemical techniques.!?*”] Conventional strategies to label proteins in living cells
rely on random modification of functional groups such as reducing the sulfhydryl groups of
cysteine residues or using amines on the lysine side chains. However, this method results in
heterogeneous products with no control over conjugation sites and ratio and therefore different
therapeutic efficacy and safety profiles.[?®] Furthermore, proteins that are randomly modified
may show unpredictable stability, solubility and binding affinity.[?*1 Additionally, site specific
labeling of proteins by adding or removing particular reactive groups using genetic engineering
needs careful and laborious screening of the suitable target positions.[?0-?51 Thus, one
alternative promising strategy is based on the expression of the desired protein as a fusion
protein with an additional short polypeptide, the so-called tag, which serves as a label acceptor
group.[?2253 A number of factors influence the feasibility and applicability of this approach,
including the size of the tag, the speed of the labeling, specificity, and availability for a broad
range of probes.[?® Recently, Keppler and colleagues introduced an attractive method for
labeling proteins and recombinant antibody fragmentst?*® by fusing them to an engineered
version of the human DNA repair protein OS-alkylguanine-DNA alkyltransferase (AGT),
briefly called SNAP-Tag. 2

While labeling, AGT recognizes O%-alkylated guanine residue on DNA or other substrates
containing O%-benzylguanine (BG) and then irreversibly transfers the substituted benzyl group
to its reactive cysteine residue and releases free guanine and forms a stable thioether bond
(Figure 19). Site-specific conjugation of the effector molecules to proteins with SNAP-Tag
technology has several advantages. Conjugation is performed under simple reaction conditions,
is fast (1-2 h), and works with defined (1:1) stoichiometry (1 tag reacts with 1 BG-modified
substrate). Moreover, a number of BG-functionalized molecules are available for coupling to

desired protein.[?55-261 |ndeed, SNAP-tag technology is a feasible platform for functionalizing
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the desired proteins with a wide range of compounds like dyes, biotin, and other effector
molecules (Figure 19). Promising applications of this technology range from in-cell labeling

of tagged proteins?>4 to immobilization of proteins on chip surfaces.[?7]
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Figure 19. General mechanism of AGT fusion proteins labling by BG-functionalized molecules. Figure
reproduced with permission from ref. [254]. Copyright (2004) Elsevier.

Recently, SNAP-Tag technology was used to specifically deliver a multifunctional prodrug
immuneconjugate based on dPG to a cancer cell lines expressing epidermal growth factor
receptor (EGFR).[**1 In this work, SNAP tag was used to conjugate a scFv antibody fragment
to a dPG prodrug nanocarier and yielded a selective delivery of immunoconjugates and targeted
toxicity only on the cells over expressing EGFR.[*1 Recombinant single-chain antibody
fragment (scFv), which was used for targeting in this study, has multiple advantages including

small size, high specificity, and lack of immune effector function.

*The highlighted sections have been published as: F. Sheikhi Mehrabadi, W. Fischer, R. Haag, Current Opinion
in Solid State and Materials Science 2013, 16, 310-322.
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2 Objectives

Short interfering RNA (siRNA) has the potential to silence virtually any gene in the cytoplasm
and therefore addresses many diseases on the molecular level. Nonetheless, unmodified
SiRNA, is not efficiently uptaken by the cells and rapidly degraded upon uptake in the host
cells. Therefore, the therapeutic potential of siRNA, is considered to be “far reaching.”*%
SIRNA delivery issues like poor cellular uptake and enzymatic degradation can be partially
addressed by diligent modification of siRNA sequence and/or structure or direct delivery
approaches. Nevertheless, in vivo delivery is still an unsolved problem to bring the full potential
of siRNA to the clinic and to access specific tissues. Materials that are used for sSiRNA delivery
should fulfill multiple criteria: In general, they should be able to (i) protect siRNA against
enzymatic degradation, (ii) improve its cellular uptake and (iii) tissue specificity, (iv) increase
the siRNA half-life in the blood stream, (v) ideally have no toxicity, (vi) be able to escape from

the endosome, and (vii) release siRNA into the cytosol.

Over the last few decades, many polymeric and lipid-based delivery systems have been
developed to overcome challenges, such as unfavorable pharmacokinetics and the lack of tissue
selectivity associated with low molecular weight and macromolecular drugs like siRNA.
Among polymeric carriers, dendritic structures including dendrons, dendrimers, and
hyperbranched polymers have shown promise for delivery purposes. As the versatility and
biocompatibility of dendritic polyglycerol (dPG), particularly for biomedical applications,
have been proven, the major goal of this work will be to use dPG scaffold and alter it in such

a way to achieve efficient delivery of drugs, especially sSiRNA in vitro and in vivo.

A dendritic polyamine based on dPG, with 90% amine degree of functionalization (DF), has
shown successful knockdown of several proteins in vitro?®®! and efficient siRNA transfection
in vivo.I*821 |n spite of high transfection efficiency, the toxicity of dPG-NH2 90% at relevant
therapeutic concentrations heightens and limits its further therapeutic application. Therefore
finding a compromise between efficiency and cytotoxicity of dPG-NH: is of significant
interest. In general, optimization of cationic polymeric carriers to acquire a balance between
cytotoxicity and efficiency is a key challenge. Therefore, a major part of this work will focus
on the structure-activity function of dPG-NH2 analogues with different dPG core molecular

weights and DF of amine.

In the first part of this work, several 10 kDa dPG-NH2 analogues with increasing DF of
amine will be synthesized and the effect from altering dPG-NH2 DF on nucleic acid
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complexation will be studied. Furthermore, the resulting polyplexes of dPG-NH:2
derivatives/siRNA will be assessed regarding cytotoxicity and knockdown efficiency in vitro
and in vivo. In a combinatorial approach, we shall employ, parallel to the experimental
approach, theoretical studies to gain a deeper understanding of the interactions between dPG-

NH: analogues and a 21-base pair DNA model.

Within the second part of this work, dPG-NHz molecules with a DF of 50, 70, and 90% will
be synthesized and compared with their analogues of higher (43 kDa) dPG molecular weight
and the same DF. The comparison including complexation capability, cytotoxicity and
efficiency of transfection in vitro and in vivo. Furthermore, the corresponding polyplexes of all
dPG-NH:z analogues with siRNA will be carefully analyzed regarding physicochemical
characteristics like size and surface charge.
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Figure 20. Illustration of dPG scaffold’s optimization for efficient drug and siRNA delivery.

The next part of this work will follow the improvement of the toxicity profile of dPG-NH:2
while maintaining its transfection effectiveness. Thus, two relevant basic amino acids, namely
arginine and histidine, will be introduced to the primary amines on dPG scaffold. Both arginine
and histidine amino acids are known to enhance transfection efficiency of other cationic
carriers.[2°%-2601 |n the first step, synthesis of amino acid functionalized dPG (AAdPG) will be
carried out following a physicochemical characterization and biological evaluation of their
corresponding polyplexes with siRNA. Overall, in this part of the work, the effect from
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introducing two amino acids with a biocompatible nature to enhance the safety of final carriers

will be explored and the results will be compared with bare dPG-NH..

As outlined in the introduction, active targeting approaches can bring enough quantities of
therapeutic drugs to the site of action to enhance their therapeutic effects. In the last part of this
work, a novel targeting strategy based on bispecific antibodies (bsAb) will be utilized for
targeted delivery of dPG-based prodrug conjugates. This section will investigate the feasibility
and applicability of bsAbs for selective delivery of anticancer drugs into tumor tissue.
Therefore, the synthesis, characterization, and in vitro biological evaluation of dPG-based

prodrug conjugates for tumor selective drug delivery will be followed.
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In this chapter the published articles are listed and the contributions of the author are described.

3.1 Structure-Activity Relationship Study of Dendritic Polyglycerolamines for
Efficient sSiRNA Transfection
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3.2 Optimized effective charge density using polyglycerol amines leads to strong and
target specific knockdown efficacy
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3.3 Multivalent dendritic polyglycerolamine with arginine and histidine end groups
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The success of siRNA-based therapeutics highly depends on a safe and efficient delivery of siRNA into the cytosol. In this study,

we post-modified the primary amines on dendritic polyglycerolamine (dPG-NH,) with different ratios of two relevant amino acids,

namely, arginine (Arg) and histidine (His). To investigate the effects from introducing Arg and His to dPG, the resulting poly-

plexes of amino acid functionalized dPG-NH;s (AAdPGs)/siRNA were evaluated regarding cytotoxicity, transfection efficiency,

and cellular uptake. Among AAdPGs, an optimal vector with (1:3) Arg to His ratio, showed efficient siRNA transfection with
minimal cytotoxicity (cell viability > 90%) in NIH 3T3 cells line. We also demonstrated that the cytotoxicity of dPG-NH,
decreased as a result of amino acid functionalization. While the incorporation of both cationic (Arg) and pH-responsive residues

(His) are important for safe and efficient siRNA transfection, this study indicates that AAdPGs containing higher degrees of His

display lower cytotoxicity and more efficient endosomal escape.

Introduction

Since the discovery of RNA interference (RNAi) and aware-
ness of its role in posttranscriptional gene silencing, tremen-
dous efforts and capital have been devoted to the development
of therapeutics based on this pathway [1]. So far, there are at
least 22 RNAi-based drugs in clinical trials and many more are
being developed [1]. Although a direct delivery of “naked”
siRNA or chemically modified oligonucleotides [2] has been

studied, delivery vectors are typically required for efficient
siRNA delivery in vivo due to unmodified siRNA’s low
stability towards endogenous enzymes, poor cellular uptake,
and its immunogenic potential [3].

Among the different polymeric vectors, polycationic

dendrimers and related structures have found wide application
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in gene/siRNA delivery [4]. This is because the synthesis of
dendrimers and dendritic polymers under controlled conditions
results in defined structures with low dispersity. Moreover, the
tree-like structure of such polymers provides multivalent
positions for functionalization and interaction with DNA/
siRNA.

Dendritic polyglycerol (dPG) can be synthesized on a kilogram
scale by a one-step, ring-opening polymerization of glycidol
with controllable sizes and degrees of branching [5]. Addition-
ally, dPG has multiple groups for further functionalization, high
chemical stability, and good biocompatibility in vitro and in
vivo [6-8]. All these characteristics make dPG an ideal scaffold
for a broad range of applications from anti fouling [9] to
biomedical purposes [6] such as anti-inflammatory [10] and
anticancer therapy [11,12].

Previously a number of cationic polymers like chitosan [13-15],
PEI [16], and PAMAM [17] have been post-modified with histi-
dine (His) or arginine (Arg) groups. The introduction of histi-
dine groups has been beneficial for improving the endosomal
release properties [18], and conjugation of arginine groups has
enhanced the transfection efficiency of cationic carriers [19,20].
Since the incorporation of either amino acid alone can improve
siRNA transfection, we hypothesized that functionalization with
both Arg and His may have a synergistic effect on siRNA trans-
fection. Moreover, the biocompatible nature of the amino acids
can possibly decrease the cytotoxicity of the resulting vectors.
Furthermore, Arg and His groups interact in histones, as natural
DNA binding proteins, via their positive residues with the nega-
tive phosphates groups of the DNA [21]. Here, we chose
dendritic polyglycerolamine (dPG-NH,) with moderate amine
loading (50% of all hydroxy groups on a 10 kDa dPG core) and
introduced both amino acids via amide coupling to mimic DNA

histones interactions.

In a recent study, our group demonstrated the potential of dPG-
NH; with high amine loading (=90%) for siRNA delivery in
vivo [22]. Moreover, it has been shown that dPG-NH, 90% is
able to efficiently downregulate the formation of several
proteins in vitro [23]. In spite of its high efficiency, the thera-
peutic window of dPG-NH; 90% is small and the cytotoxicity
increases at higher concentrations which limits its further appli-
cation. Here, we compare the potential of multivalent amino
acid functionalized dPGs (AAdPGs), for siRNA transfection
with dPG-NH; 90%. The initial in vitro results indicated that
AAdPGs were capable of mediating efficient siRNA delivery to
NIH 3T3 cells and induced comparable gene silencing to both
dPG-NH, 90% and lipofectamine RNAiMAX. In comparison
with dPG-NH; 90%, the new vectors showed reduced cytotoxi-
city and enhanced siRNA binding.

Beilstein J. Org. Chem. 2015, 11, 763-772.

Results and Discussion
Functionalization of dPG-NH» with arginine

and histidine

Amino acids have been implemented for the improvement of
gene/siRNA transfection using various strategies. Beside
peptide dendrimers [24,25], another strategy is to functionalize
the periphery groups on cationic vectors such as PLL [26], PEI
[16], and PAMAM [19]. In the current study, =50% of all
hydroxy groups on dPG (M, = 8.4 kDa, PDI = 1.7) were
converted to amino groups according to an earlier published
procedure (Scheme S1, Supporting Information File 1) [27].
The high density of amines on dPG facilitates the introduction
of groups like amino acids by feasible strategies like amide
coupling. Here, we coupled both Arg and His groups in
different ratios to dPG-NH; via the latter strategy (Scheme 1).
By introducing Arg on the dendritic scaffold, this group can
serve as a complexing agent and the surplus guanidium groups
with high affinity to phosphate groups can interact with the cell
membrane and improve the cellular uptake [28]. Additionally,
the histidine groups can facilitate tackling the endosomal
release problem by improving the polyplexes’s buffering
capacity [18]. Moreover, arginine and histidine groups can form
intermolecular hydrogen bonds with cell surface phosphate
groups. These interactions can induce cellular uptake of
AAdPG polyplexes. Therefore, four cationic vectors were
prepared by Arg and His functionalization of the dPG scaffold.
The list of all synthesized samples is presented in Table 1. The
samples were named based on their degree of Arg and/or His
functionalization on the polymeric backbone (dPG). The func-
tionalization degree for each polymer was determined by
comparing the peak integral of either the methylene groups of
arginine in high field or the imidazole ring of histidine in the
aromatic area (7.2-8.7 ppm) with the assignable dPG backbone
signal (Supporting Information File 1).

Variable composition of arginine and histi-
dine on dPG-NH5 50%

To investigate the effect from introducing both His and Arg to
dPG backbone on transfection efficiency, cytotoxicity, and
cellular uptake, two vectors were synthesized with equal (dPG-
13Argl3His) and different (dPG-8Arg30His) composition
ratios of both amino acids. Moreover, two further vectors with
either Arg (dPG-13Arg) or His (dPG-13His) were prepared to
examine the effect of each amino acid alone. The summary of

all dPG-based vectors is shown in Table 1.

siRNA Binding

The ability of AAdPGs to form complexes with siRNA was
examined by agarose gel electrophoresis retardation assay. The
electrophoretic mobility of the siRNA should have been
reduced or completely eliminated as a result of complexation
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Scheme 1: Synthesis of multivalent arginine and histidine functionalized dPG-NH; 50%. The depicted dPG-NH represents only a small idealized
fragment of a 10 kDa molecule.

Table 1: Summary of AAdPG vectors and their corresponding polyplex characterization.

Compound Zeta potential (mV)2 diameter PDIC (Arg) %A (His) %9 Arg:His
(nm)P
dPG-NH, 50% 10.0+0.2 1241+0.7 0.07 - - -
dPG-13Arg13His 10.9+0.8 97.17 £ 0.87 0.13 13 13 1:1
dPG-13Arg 10.6 + 0.9 60.04 + 1.2 0.18 13 - -
dPG-13His 10.3+0.3 70.23 £0.8 0.17 - 13 -
dPG-8Arg30His 11.0+0.9 104.9 + 0.45 0.18 8 30 ~1:3

ag were measured at pH 7.4; Pintensity distributions are reported; °PDI of polyplexes were determined by DLS; 9degree of functionalization on dPG
which were determined by "H NMR spectroscopy.

with AAdPGs. As shown in Figure 1, all AAdPGs were able to
neutralize the negative charge of the siRNA and effectively
retard it at N/P ratios between 2 to 4. The binding capacity of all
vectors was slightly different from each other. The results of
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this assay clearly display that all synthesized vectors were able
to form polyplexes with siRNA at low N/P ratios. Moreover, the
complex formation ability of the new vectors is comparable
with dPG-NH; 50% and 90%.
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F

Figure 1: Agarose gel electrophoresis retardation assay of AAdPGs/siRNA polyplexes. (A) dPG-13Arg13His, (B) dPG-13Arg, (C) dPG-13His,
(D) dPG-8Arg30His, (E) dPG-NH2 50%, and (F) dPG-NH; 90%. Naked siRNA always appears in the first lane. The numbers on the top of each lane

correspond to the different N/P ratios.

Average particle size and surface charges of
AAdPG/siRNA polyplexes

The appropriate particle size and surface charge are critical
characteristics of nanoplexes for efficient transfection [29].
Physicochemical characterization of AAdPG/siRNA poly-
plexes was conducted using dynamic light scattering (DLS).
Figure 2 shows the size distribution of dPG polyplexes (at N/P
ratio 10). The average size of all nanoparticles ranges from
60—-100 nm. In general, the AAdPG/siRNA polyplexes were
smaller than the corresponding dPG-NH, 50%/siRNA poly-
plexes. Moreover, AAdPG complexes have a broader distribu-
tion of the final nanoparticles. The size of dPG-13Arg and dPG-
13His complexes was slightly smaller than the other dPG-based
vectors. The surface charge of the final nanoparticles was
comparable to the corresponding complexes of siRNA and
dPG-NH; 50% with terminal primary amines and about 10 mV.
The positive charge of the polyplexes is a further indication of
efficient siRNA complexation by AAdPGs. The results for the
size and zeta potential measurements of all vectors are summa-
rized in Table 1.

20 -
18 4 ——dPG-NH2 50%
—dPG-8Arg30His
16 o —dPG-13Arg13His
14 A —dPG-13A|;g
—dPG-13His
> 12 4
g 10 A
E 81
6 -
4 .
2 .
0
1 10 100 1000 10000
Size (nm)

Figure 2: Size measurements of dPG-NH; 50% and AAdPGs/siRNA
complexes. Intensity distributions of all polyplexes are depicted.

Cell viability assay
The cytotoxicity of cationic polymers is mainly attributed to the
interactions of these polymers with the cell membrane and

depends on multiple factors such as molecular weight, the
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nature of the polymer surface, and its charge density [30]. The
results of the in vitro MTT assays on the NIH 3T3 cell line for
cytotoxicity evaluation of AAdPG polyplexes are shown in
Figure 3. These results were compared with dPG-NH, 50% as a
backbone and dPG-NH; 90%. Generally, these data indicates
that cytotoxicity of the final polyplexes is reduced by function-
alization of dPG-NH, 50% with Arg and His. Moreover,
decreasing the percentage of arginine on a dendritic scaffold
improved the cytotoxicity of the nanoplexes. Replacing the pri-
mary amines on dPG-NH, with histidine groups would possibly
decrease the density of positive charge on dPG and increase cell
viability. The best cytotoxicity profile was observed for dPG-
8Arg30His with no considerable cytotoxicity (cell viability >
90%) up to N/P ratio 40 (Figure 3). We further compared the
cytotoxicity of dPG-8Arg30His with dPG-NH, 90% at N/P
ratio 30 where the efficiencies of both vectors were comparable.
Overall, these results demonstrated that dPG-8Arg30His is a
safer vector compared to dPG-NH;, 90% (Figure 4).

In vitro transfection assay

The transfection efficiency of the AAdPGs was assessed in GFP
expressing NIH 3T3 cells (Figure 5). In general, the results indi-
cate that post-modification of the dendritic scaffold with Arg
and His improves the efficiency of siRNA transfection. The
most efficient vector in the knockdown of GFP (down regula-
tion of GFP expression to 38%) was obtained by converting
almost all primary amines on dPG to Arg and His with a 1:3
ratio. Moreover, by comparing the knockdown efficiency of

Beilstein J. Org. Chem. 2015, 11, 763-772.
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Figure 4: Cell viability versus transfection efficiency of dPG-8Arg30His
and dPG-NH; 90% at N/P ratio 30.

dPG-13Arg (without any histidine functionality) with all the
other vectors containing histidine, the critical role of histidine as
a buffering agent in enhancing transfection efficiency was
determined. Furthermore, we compared the result of our best
vector, dPG-8Arg30His, in terms of transfection with dPG-NH,»
90%. These results indicate that dPG-8Arg30His (at N/P ratio
30) is as potent as dPG-NH, 90% in GFP knockdown while
maintaining its low cytotoxicity (Figure 4).

-#-dPG-8Arg30His

dPG-13His
110.0% -#-dPG-13Arg
-=-dPG-13Arg13His
-#-dPG-NH2 90%
90.0% - = dPG-NH2 50%
£ 70.0%
=
3
>
T 500%
(&]
30.0%
10.0%
5 10 15 20 25 30 35 40 45 50
N/P ratio

Figure 3: The result of MTT assay on a NIH 3T3 cell line transfected with AAdPG, dPG-NH; 50%, and 90%/siRNA polyplexes at different N/P ratios

with 100 nM siRNA concentration.
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Figure 5: Summary of transfection results versus viability of AAJPGs with various Arg and His composition ratio at N/P ratio 30.

Cellular uptake and confocal microscopy

The cellular uptake and localization of fluorescently labeled
siRNA/AAdPG complexes were quantified using flow cytom-
etry and confocal microscopy (Figure 6). By comparing the
cellular uptake of dPG-NH, functionalized solely with either
histidine or arginine, for example, dPG-13Arg, one can clearly
see that Arg functionalization improved cellular uptake of both
dPG-NHjs. These results are in agreement with several studies
where the transmembrane function of arginine-rich peptides
was demonstrated [31,32]. Interestingly, there is a reverse effect
with respect to cellular uptake after functionalization of dPG-
NH, with histidine. Notably, dPG-NH;s have shown a higher
cellular uptake than lipofectamine which is most probably due
to their high positive surface charge. These results in combina-
tion with transfection efficiency data suggest that the higher
transfection efficiency of histidine-functionalized vectors is
presumably due to their improved endosomal release.

Conclusion

We successfully post-modified dPG-NH, with variable ratios of
Arg and His as mimicry of natural histones to afford safe and
efficient siRNA transfection. At certain ratios of Arg to His
(1:3) a multivalent cationic vector was obtained with compa-
rable transfection efficiency to lipofectamine (down regulation
of GFP expression to 37% at N/P ratio 40) and marginal cyto-
toxicity (cell viability > 90% at N/P ratio 40). The efficiency of
this new vector is comparable to our well-studied vector, dPG-
NH; 90%. Post modification of dPG-NH;, with Arg and His did
not dramatically affect the physicochemical properties (particle
size and zeta potential) of the resulting vectors and their
nanoplexes but notably improved cell viability. This can be
attributed to the steric congestion around the amine groups and
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more biocompatible surface functionalities after amino acid
functionalization of dPG-NH,. Compared to arginine, the intro-
duction of histidine more effectively reduced the cytotoxicity
and mediated an efficient endosomal escape. Moreover, by
comparing the result of cellular uptake with transfection effi-
ciencies, one can conclude that enhanced cellular uptake does
not guarantee by itself efficient siRNA transfection and that
incorporation of endosomal releasing groups like histidine
seems to play a more crucial role in efficient transfection as

compared to arginine.

Experimental

Materials

All chemicals and reagents were used as received from the
suppliers without further purification. Protected amino acids
and coupling reagents were purchased from abcr GmbH
(Karlsruhe, Germany). GelRed™ siRNA stain was purchased
from VWR (Radnor, PA). All cell culture media and fetal
bovine serum (FBS) was purchased from Invitrogen (Carlsbad,
CA). All siRNA used in this study was purchased from Ambion
(Carlsbad, CA) with Silencer® Select negative control siRNA
and Silencer®Cy™.-3 labeled Negative Control siRNA used for
control and cellular uptake studies, respectively. Unmodified
Silencer® series siRNA was used for GFP silencing experi-
ments with the following sequence: sense 5’-CAAGCUGACC-
CUGAAGUUCTT-3" and antisense 5’-GAACU-
UCAGGGUCAGCUUGCC-3". All water used in the biological
experiments was nanopure water obtained from Barnstead
Nanopure Diamond (Waltham, MA). Both unmodified and
engineered NIH 3T3 cells expressing green fluorescence protein
(GFP) were kindly provided by Professor Young Jik Kwon
(Department of Chemical Engineering, UC Irvine, CA).

768



Publications and Manuscripts

A.B-

D

18000 -

16000 -
14000 -
12000 -
MEFI 10000 -
8000 -
6000 -
4000

2000 A

Beilstein J. Org. Chem. 2015, 11, 763-772.

E dPG-NH2 90%

Lipofectamine

dPG-NH2 50%
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Figure 6: Confocal images of NIH 3T3 cells treated with Cy3-siRNA/vector complexes: (A) naked siRNA, (B) lipofectamine, (C) dPG-13His, (D) dPG-
13Arg, and (E) mean Cy-3 fluorescence intensity of 3T3 cells treated with Cy3-siRNA/vector complexes assessed by FACS.

Functionalization of dPG-NH» with arginine
(Arg) and histidine (His)

dPG (M, = 8.4 kDa, PDI = 1.7) was prepared according to a
published procedure [33]. Fifty percent of all (~110) hydroxy
groups on dendritic polyglycerol were functionalized with
amino groups in a three-step protocol [27]. Briefly, the transfor-
mation was started with the mesylation of the hydroxy groups
on dPG. In the next step, the mesylated polyglycerol was
converted to polyglycerolazide. In the last step, azide function-
alities (N3) were reduced to primary amines (-NHj) via
Staudinger reduction (Scheme S1 in Supporting Information
File 1). For coupling both amino acids Arg and His to the
dendritic backbone, a solution of dPG-NHj, 30 mg (0.20 mmol
of amines) in methanol, was dried carefully under high vacuum.
The concentrated solution was then diluted in 1.5 mL DMSO.
The solution of dPG-NH; in DMSO was left under vacuum for
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30 min in order to remove methanol residues. Boc-protected
histidine and arginine were added to the solution of dPG-NH, in
specific molar ratios. 1.2 Equivalents of BOP and DIPEA with
respect to the amino groups were added to the reaction subse-
quently. The reaction mixture was stirred at room temperature
overnight. This mixture was then transferred directly into a
dialysis tube of 1000 MWCO and dialyzed in methanol for
2 days. After removing methanol on a rotary evaporator
completely, the reaction mixture was treated with a mixture of
TFA/DCM/TIPS. The reaction was left running overnight to
complete the deprotection. After the deprotection step, dialysis
in 0.2 N solution of HCI for two days resulted in the formation
of products as chloride salt which were obtained as pale yellow
to brown solids by lyophilization. Noteworthy that each dPG
unit (10 kDa) has is about 100 hydroxy groups and therefore the

functionalization percentages always corresponds approxi-
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mately to the same number of functional groups per dPG. For
example, dPG-NH; 50% has about 50 NH; groups per polymer
unit. The amino acid functionalization percentage of each
polymer was defined using 'H NMR analysis. 'H NMR
(400 MHz, D,0) dPG-13Argl3His: 6 = 1.6 (s,
NHCH,CH,CH;,CH, 2H), 1.9 (s, NHCH,CH,CH,CH, 2H),
3-4.5 (m, dPG backbone, NHCH,CH,CH,CH and
NHCH,CH,CH,CHNH,CO of arginine groups,
NH,COCHCH,C and NH,COCHCH,C of histidine groups),
7.4 (s, CHNHCHN, 1H of imidazole groups) and 8.7 (s,
CHNHCAHN, 1H of imidazole groups) ppm. dPG-13Arg: 6 =1.6
(s, NHCH,CH,CH,CH, 2H), 1.9 (s, NHCH,CH,CH,CH, 2H),
3-4.5 (m, dPG backbone, NHCH,CH,CH,CH and
NHCH,CH,CH,CHNH,CO of arginine groups) ppm. dPG-
13His: 6 = 3-4.5 (m, dPG backbone, NH,COCHCH,C and
NH,COCHCH,C of histidine groups), 7.4 (s, CHNHCHN, 1H
of imidazole groups) and 8.7 (s, CHNHCHN, 1H of imidazole
groups) ppm. dPG-8Arg30His: 6 = 1.6 (s, NHCH,CH,CH,CH,
2H), 1.9 (s, NHCH,CH,CH,CH, 2H), 3—4.5 (m, dPG backbone,
NHCHZCHQCHQCH and NHCHQCH2CH2CHNH2CO of argi-
nine groups, NH,COCHCH,C and NH,COCHCH,C of histi-
dine groups), 7.4 (s, CHNHCHN, 1H of imidazole groups) and
8.7 (s, CHNHCHN, 1H of imidazole groups) ppm.

Gel electrophoresis

The binding of AAdPGs to siRNA was evaluated by agarose gel
electrophoresis retardation assay. Stock solutions of siRNA and
AAdPGs were prepared in phosphate buffer (10 mM, pH 7.4).
To a 2 uL solution of siRNA (4 uM), different amounts of
AAdPG compounds were added to achieve different N/P ratios
(the molar ratio between amine groups of dPGs to siRNA phos-
phate groups). The final volume of the mixture was adjusted to
12.5 pL by the same buffer solution. siRNA and AAdPGs were
incubated at room temperature for 30 min. After incubation,
2.5 uL of 6X orange gel loading dye was added to each sample.
10 pL of the final mixture was then loaded on a 1% agarose gel
with 1X GelRed™. After filling the gel packets with poly-
plexes, electrophoresis was run in TAE buffer for 45 min at

60 V. The results were visualized under UV illumination.

DLS/Zeta

The size and zeta potential ({) of AAdPG/siRNA polyplexes
were measured by a Zetasizer Nano ZS analyzer™ with inte-
grated 4 mW He-Ne laser, A = 633 nm (Malvern Instruments ™
Ltd, U.K.). Stock solutions of dPG samples and siRNA (50 pM)
in nanopure water were prepared. An appropriate amount of
each dPG sample was mixed with 2.85 uL siRNA (6 nmol
phosphate) solution. The mixtures were diluted to 100 uL and
after short vortexing were incubated for 30 min at rt. Subse-
quently, DLS measurements were recorded. The same mixture
from DLS measurements was taken and diluted with 0.8 pL

89

Beilstein J. Org. Chem. 2015, 11, 763-772.

phosphate buffer (10 mM, pH 7.4). These samples were then
subjected to zeta potential measurements. The measurements
were repeated at least three times for each sample and the mean
values were reported.

MTT assay

Unmodified NIH 3T3 cells were seeded at a density of 5,000
cells per well in 96-well plates 24 h in advance. The culture
media was changed from 100 uL DMEM with 10% fetal bovine
serum (FBS) to 80 pL plain DMEM immediately before expo-
sure to the complexes. The dPG/siRNA complexes were
prepared by first diluting the siRNA to 1.5 uM with PBS
(10 mM phosphate, 10 mM NaCl, pH 7.4) and then adding the
proper amount of vector solution (5 mg/mL in ddH,O) to give
the desired N/P ratio and concentration. After 30 minutes incu-
bation at rt, 20 puL of the complex solutions were added to each
well to give a final volume of 100 puL per well. After 4 h incu-
bation, the media was replaced with 10% FBS/DMEM and the
cells cultured for another 48 h. To assess the viability, the
media was replaced with 50 uL DMEM solution containing
0.5 mg/mL MTT, followed by 4 h incubation at 37 °C. 100 uL
of DMSO was added to each well to dissolve the formazan and
the plate was incubated at 37 °C for 30 min with agitation. The
absorbance at 540 nm was measured using a plate reader and
the viability determined by comparison with untreated controls.

Transfection

NIH 3T3 fibroblast cells expressing GFP were seeded at a
density of 10,000 cells/well in 48-well plates 24 h in advance
and the culture media replaced with 200 puL plain DMEM
immediately prior to transfection. AAdPG/siRNA complexes
were prepared as described previously with either anti-GFP
siRNA or negative control siRNA. 50 uL of the complex solu-
tions were added to each well to give a final volume of 250 pL
per well. After 4 h incubation, the media was replaced with
10% FBS/DMEM and the cells cultured for another 48 h.
Before the analysis, cells were released from each well with
trypsin and harvested by centrifugation (5 min, 500G). GFP
fluorescence of transfected cells was measured on a Becton-
Dickinson LSR II flow cytometer with argon ion excitation
laser. For each sample, data representing 10,000 objects were
collected as a list-mode file and analyzed using FACSDivaTM
software (Becton Dickinson, version 6.1.3) and the percent
knockdown was calculated by comparing the mean fluores-
cence intensity of cells treated with vector/anti-GFP siRNA to
that of cells treated with complexes formed with the control
siRNA.

Cellular uptake study

For quantitative assessment of cellular uptake, negative control
siRNA labeled with Cy3 (siRNA-Cy3) was complexed with the
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vectors in PBS as described previously. Unmodified NIH 3T3
cells were seeded in 48-well plates and transfected with the
siRNA-Cy3/vector complexes following the same transfection
protocol used for GFP silencing experiments. Immediately after
the 4 h exposure to the transfection media, the cells were
trypsinized and collected via centrifugation. The transfected
cells were analyzed by FACS to determine the mean Cy3-fluo-

roscence of each sample.

Confocal microscopy

Unmodified NIH 3T3 fibroblast cells were seeded at a density
of 10,000 cells/well on an 8-well chamber slide (Lab-Tek,
Rochester, NY) 24 h before transfection. Cy3-labeled siRNA
was complexed with the vectors and the cells transfected with
the complexes following the previously described protocol.
After 4 h exposure to the transfection media, the media was
changed back to DMEM supplemented with 10% fetal bovine
serum. Confocal fluorescence spectroscopy was performed at
different time points after the transfection. The nuclei were
stained with Hoechst 33342 following the standard protocol.
The images were acquired using a Zeiss LSM 510 inverted
laser-scanning confocal microscope with a 40x numerical aper-
ture oil immersion planapochromat objective. A 559 nm
helium-neon laser, a SMD640 dichroic mirror, and a
575-620 nm band-pass barrier filter were used to obtain the
images of Cy3-labeled siRNA. Images of the stained nuclei
were acquired using a 780 nm two-photon excitation light, a
635 nm dichroic mirror, and a 655—755 nm band-pass barrier
filter. The two fluorescent images were scanned separately and
overlaid together with the differential interference contrast
image (DIC). The cells were scanned as a z-stack of two-dimen-
sional images (1024 x 1024 pixels) and an image cutting
approximately through the middle of the cellular height was
selected to present the intracellular siRNA localization.

Statistical analysis
All transfection studies were performed in triplicates; data were

expressed as mean + SEM.

Supporting Information

Supporting Information File 1

Synthetic procedure of dPG-NH, and NMR spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-11-86-S1.pdf]
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4 Summary and Conclusion

Highly amine functionalized dendritic polyglycerol (dPG-NH2 90%, average MW ~ 10 kDa)
has shown promise in siRNA transfection. Nonetheless, toxicity at therapeutic doses is a
limiting factor for further development of its potential applications. In the first part of this
thesis, dPG analogues with various amine DF (10, 30, and 50%) were synthesized and
biologically evaluated to find a compromise between their cytotoxicity and siRNA transfection
efficiency. As a result of the in vitro and in vivo evaluation of these molecules, 50% was a
minimum required DF to achieve efficient siRNA transfection. These results were further
compared to dPG-NH2 90%. Unluckily, when 50% of hydroxyl groups on a 10 kDa dPG were
substituted with primary amines, the resulting molecule showed similar toxicity to dPG-NH2
90%. In parallel, the results of theoretical studies by atomistic molecular dynamics simulations
on the interactions between dPG-NH: analogs, with a 21-bp DNA model predicted a similar
trend and emphasized that a minimum of 50% amine DF (on the same dPG core) is necessary
to achieve efficient nucleic acid complexation. In the second part of this work, dPG of two
different molecular weights (Mn = 8 and 43 kDa) with different amine DF (50, 70, and 90%)
were synthesized, characterized, and biologically evaluated respecting cytotoxicity and
transfection efficiency in vitro and in vivo. Interestingly, a dPG-NH2 analogue with number
average molecular weight of 43 kDa and 50% DF outperformed the 10 kDa dPG-NH2 90%. In
this study, it was concluded that the higher number of amines on 43 kDa dPG-NH2 50%
rendered more efficient SIRNA complexation and thereby more effective transfection.
Likewise, the higher molecular weight (therefore higher hydrodynamic diameter) of dPG core
resulted in a lower overall charge density so that a safer in vivo profile was obtained compared
to the dPG-NH2 90%. Furthermore, the high tolerability of dPG-NH2 50% (43 kDa) allowed
application of higher dosing in the in vivo knock down studies that gave rise to highly efficient
and specific luciferase gene knock down in tumor bearing mice. In the third part of this work,
we explored the effect from introducing different amine types than primary amines to dPG to
improve its cytotoxicity. Therefore, primary amines on a 10 kDa dPG-NHz 50% were post-
modification with different ratios of two basic amino acids, namely arginine and histidine. The
resulting amino acid functionalized dPG-based nanocarriers (AAdPG) were synthesized and
their corresponding polyplexes with siRNA were analyzed regarding physico-chemical
characterization, cellular uptake, cytotoxicity, and efficiency of GFP expression knock down.
Among the synthesized molecules, an optimal vector (down regulation of GFP expression to

38%) and minimal cytotoxicity (cell viability > 90%) was obtained. Interestingly, the
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cytotoxicity of dPG-NH2 50% significantly decreased as a result of amino acid
functionalization. More importantly, this study demonstrated that histidine residues play a
critical role as buffering agents in improving the transfection efficiency of AAdPG

nanocarriers.

In the last part of this work, the feasibility of a new active targeting approach based on
bispecific antibodies (bsAbs) for selective delivery of dPG-based prodrug conjugates into
MCF- 7 tumor cell line was investigated. In this study, bsAbs simultaneously bind to both cell-
surface markers and hapten-functionalized payloads and thus specifically deliver them into
tumor tissue. Therefore, dPG-based prodrugs conjugates were prepared that had been
functionalized with digoxigenin (a well-known hapten as anchoring moiety), a doxorubicin
prodrug, and the shielding moiety (PEG). The complex formation between the
digoxigeninylated conjugates and bsAbs was demonstrated in vitro. The resulting complexes
showed binding to the cell surface of Lewis Y (LeY) expressing MCF-7 cells. Furthermore,
flow cytometry indicated the preferential binding and uptake of targeted conjugate into MCF-
7 cells. Additionally, the digoxigeninylated conjugates showed an increased targeted
cytotoxicity in a small window and short incubation time. However, the cytotoxicity of
targeting and non-targeting conjugates was similar and independent of bsAb’s presence at
relevant concentrations for drug delivery. Overall, this study showed the potential of bsAbs as
a new targeting approach for tumor specific drug delivery. Nevertheless, the result of
cytotoxicity assay revealed that in the design of nanocarriers, special attention should be paid
to issues like minimizing non-specific cell adhesion and uptake to achieve maximum targeted

delivery results.

The results of this work advance our knowledge on the design and synthesis of more
efficient dPG-based drugs, especially siRNA nanocarriers. In fact, this work defines the
directions to adapt the dPG scaffold in such a way to obtain more efficient and less cytotoxic
SiIRNA nanocarriers. As a conclusion, when designing dPG-based drug nanocarriers, a great
deal of attention should be paid to the choice of molecular weight, DF, and type of functional
groups, i.e, amine groups for genetic material delivery. Furthermore, it is concluded that dPG
of higher MW offer stronger complexation of siRNA at low N/P ratios and safer toxicity profile
presumably due to their lower charge density. Introducing other amine functionalities rather
than primary amines, to the dPG scaffold particularly groups that promote endosomal release
properties, are highly preferred for safe and efficient transfection. Finally, bsAbs may be

adapted as an attractive targeting strategy to deliver siRNA into tumor tissue selectively.

126



Outlook

5 Outlook

In future work, by combining the results of structure-activity relationship studies, synthesis of
amino acid functionalized dPG amine analogues of high molecular weight (~ 43 kDa) with a
DF of 30 to 40%, and about 1:3 ratio of arginine to histidine may result in more efficient and
safer siRNA nanocarriers. Furthermore, employment of bispecific antibodies (bsAbs) for
tissues selective delivery of siRNA therapeutics might be advantageous. Other targeting
approaches like grafting receptor ligands on the surface of dPG-NH: could be a straightforward
approach to achieve targeted nucleic acid delivery. Synthesis and evaluation of highly amine
functionalized dPG analogues decorated with peptides that target specific receptors would be

of interest.

Another further direction can perhaps be followed to obtain effective transfection with low
cytotoxicity using dPG-based carriers by masking the surface charge of highly amine
functionalized dPG molecules. In this regard, special attention should be paid to the nature of
introduced groups and their degree of functionalization on dPG. Moreover, functionalization
of the primary amine on the surface of dPG with charge reversal groups, which can “switch”
from negative to positive charge upon stimuli like changes in environmental pH,? may

improve the toxicity associated with highly amine functionalized dPG molecules.
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6 Abstract and Zusammenfassung

6.1 Abstract

Drug delivery systems are necessary to overcome multiple extracellular and intracellular
barriers that are ahead of conventional low molecular weight and macromolecular drugs like
SiRNA. Cytosolic delivery of the siRNA results in highly specific silencing of diseases-
associated mMRNAs and thereby addressing many diseases at the molecular level. Dendritic
polyamines possess multiple favorable characteristics for nucleic acid delivery including facile
complex formation with a negatively charged backbone of DNA/SIRNA through multiple
amine functionalities, mediation in cellular uptake, and endosomal release and the structural

features like flexibility that play a crucial role in efficient transfection.

We have already developed a highly functionalized dPG-based polyamine (dPG-NH2 with
90% amine degree of functionalization (DF) and MW ~ 10 kDa) for siRNA transfection both
in vitro and in vivo. However, the therapeutic window of this vector is too small that restricts
its in vivo applications. Therefore, a major part of this Ph.D. thesis has focused on altering
multiple structural features such as DF, the nature of the introduced amine groups, and dPG’s

core size to acquire more efficient and safer sSiRNA delivery using dPG-NH2 analogues.

First, in a structure-activity relationship study, we synthesized and evaluated dPG-NH:2
analogues of various amine DFs (on dPG MW ~ 10 kDa) for siRNA complexation,
cytotoxicity, and knockdown efficiency in vitro and in vivo. As a results, it was found that
certain DF (i.e. 50% on a 10 kDa dPG) is necessary to achieve efficient siRNA transfection.
This results was further confirmed by theoretical studies that predicted stronger interactions
between dPG-NH2 analogues of 50% and higher DF with a 21-base pair DNA model.

In the second part of this work, we functionalized dPG of high molecular weight (dPG Mn
~ 43 kDa) with amines of different DF to alter the ultimate safety profile of dPG-NH: in vivo.
The results of in vivo studies using dPG-NH2 50% (dPG Mn ~ 43 kDa) demonstrated much
lower induced immune responses and higher luciferase knockdown efficiency compared to its
analogues of lower molecular weight (dPG MW ~10 kDa). Therefore, an effective sSiRNA
vector with optimal charge density was achieved which possess a high enough positive charge
to promote cellular uptake and complex formation of sSiRNA at low N/P ratios but still has a

low enough charge to avoid inducing immune responses.
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We further introduced arginine and histidine to the primary amines on the periphery of dPG
(MW 10 kDa) to retain the effectiveness of SiRNA transfection by dPG-NHz while improving
its cytotoxicity. As a results, an optimal siRNA vector with comparable transfection efficiency
to Lipofectamine® and minimal cytotoxicity was obtained. Interestingly, introducing these

amino acids improved both the in vitro transfection efficiency and cytotoxicity of dPG-NHz.

Finally, bispecific antibodies (bsAbs) with dual specificity were recruited for delivery of
dPG-based prodrug conjuagtes functionalized with a hapten called digoxigenin, into MCF-7
cells expressing LeY antigens. In this study, the targeted binding and internalization of dPG
prodrug conjugates was demonstrated. However, no target specific toxicity was observed for
digoxigenin functionalized dPG prodrug conjuagtes that might be attributed to the non-specific
interaction and uptake of prodrug conjugates that strongly compete with active route of

delivery.

All the studies that have been presented in this work emphasize on a diligent and tailor-
made design of dPG-based delivery systems according to their final application. Hence, certain
amine DFs are necessary to obtain efficient sSiRNA transfection in vitro and in vivo.
Furthermore, dPG-NH: of higher molecular weight and lower DF compared to its analogue of
lower molecular weight shows superior siRNA transfection and safer toxicity profile in vivo.
Additionally, the nature of amine groups as siRNA complexing agents and the presence of
groups that promote endosomal release properties are likely key elements for efficient and safe
siRNA transfection. Last but not least, active targeting strategies like application of bsAbs can

be adapted for tissue specific SIRNA delivery.
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6.2 Zusammenfassung

Die Verabreichung von nackten Wirkstoffen ist mit zahlreichen intra- und extrazellularen
Barrieren verbunden, die auf die pharmakokinetischen Eigenschaften des jeweiligen
Wirkstoffes, wie beispielsweise Doxorubicin oder siRNA zuriickzufiihren sind. Um diese
Hirden zu Uberwinden sind Wirkstofftragersysteme notwendig, die in der Lage sind diese
Wirkstoffe sicher zu verkapseln und auf ihrem Weg von der Verabreichung bis zum Wirkort
zu schutzen und schlieBlich freizusetzen. Durch diesen Transport kann z.B. nackte SiRNA
geschitzt bis in Zytosol transportiert und freigesetzt werden. Die siRNA ist Ausldser fiir einen
hochspezifischen RNA-Interferenz Mechanismus, der in seiner Folge Gene stillegt. Als
Transporter fir die SIRNA eignen sich insbesondere dendritische Polyamine, da sie aufgrund
ihrer multiplen Amingruppen mit dem negativ geladenen Ruckgrat von Nukleinsduren wie
DNA / siRNA wechselwirken kénnen, einen Komplex bilden, die Zellaufnahme ermdglichen,
und die endosomale Freisetzung unterstutzen. Auch deren strukturelle Flexibilitat spielt eine

entscheidende Rolle fiir eine effiziente Transfektion.

In Vorarbeiten wurde bereits ein dendritischen Polyglycerin (dPG) basierendes
hochfunktionalisiertes Polyamin (dPG-NH2 mit einem Aminierungsgrad von 90% und MW ~
10 kDa) fur die siRNA Transfektion in vitro und in vivo entwickelt. Allerdings ist das
therapeutische Fenster dieses Vektors zu klein, sodass die in vivo Anwendung limitiert war.
Deswegen lag der Hauptfokus dieser Doktorarbeit die multiplen strukturellen Eigenschaften
des Wirkstofftragers dPG zu variieren, um eine sicherere und effizientere SiRNA
Verabreichung zu gewahrleisten. Zu den durchgefuhrten Modifikationen zahlen unter anderem
die Entwicklung von Polymaminen mit unterschiedlichem Funktionalisierungsgrad, die

Variation der Art der eingefiihrten Aminfunktionalitét, sowie die GroRe des dPG Kerns.

Fur eine Struktur-Aktivitatsstudie wurden zundchst dPG-NH2 Analoga mit variierendem
Aminierungsgrad (mit dPG MW ~10 kDa) hergestellt und mit Hinblick auf siRNA
Komplexierung, Zytotoxizitéat, sowie Knockdown Effizienz in vitro und in vivo ausgewertet.
Hierbei hat sich gezeigt, dass bestimmte Aminierungsgrade (z.B. 50% fur 10 kDa dPG) fir
eine effiziente sSiRNA Transfektion notwendig sind. Bestatigt wurde dieses Ergebnis durch eine
Studie an einem theoretischen Modell, welche starkere Wechselwirkung zwischen einem 21-
Basenpaar DNA Modell und einem dPG-NH2 Analoga mit einem Aminierungsgrad von 50%

und hoher vorausgesagt hat.
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Fur den zweiten Teil dieser Arbeit wurden dPG-Amine mit hohem Molekulargewicht (dPG
Mn ~43 kDa) und mit verschiedenen Funktionalisierungsgraden hergestellt, um das
Sicherheitsprofil von dPG-NHz2 in vivo zu untersuchen. Die Ergebnisse der in vivo Studie mit
dPG-NH250% (dPG Mn ~43 kDa) zeigten eine niedrigere induzierte Immunantwort sowie eine
hohere Effizienz des Luciferase Knockdowns, verglichen mit den Analoga niedrigeren
Molekulargewichts (dPG MW ~10 kDa). Dabei wurde ein effektiver SiRNA Vektor mit einer
optimalen Ladungsdichte erhalten, dessen positive Ladung hoch genug ist, um die zellulare
Aufnahme sowie die stabile Komplexbildung mit siRNA bei niedrigen N/P Verhaltnissen zu

gewahrleisten, jedoch niedrig genug ist, um keine Immunantwort zu induzieren.

Des weiteren wurden Arginin und Histidin an die primaren Amine der duReren Sphare von
dPG (MW ~10 kDa) gebunden, um die Zytotoxizitat von dPG-NH2 bei gleichbleibender
Effektivitat der sSiRNA Transfektion zu minimieren. Das Ergebnis war ein optimaler siRNA
Vektor, der analog zum Lipofectamine® eine vergleichbare Transfektionseffizienz bei
gleichzeitiger minimaler Zytotoxizitat aufwies. Interessanterweise verbesserte die Einfiihrung

der Aminoséuren sowohl die in vitro Transfektion als auch die Zytotoxizitat von dPG-NHz.

SchlieBlich wurden bispezifische Antikorper mit dualer Spezifitat ausgewéhlt, um mit dem
Hapten Digoxigenin funktionalisierte Polyglycerol-basierte Prodrugs in LeY Antikdper
exprimierende MCF-7 Zellen zu transportieren. In dieser Studie konnte die gezielte Bindung
und Aufnahme des dPG Prodrugs nachgewiesen werden. Es konnte jedoch keine Target-
spezifische Toxizitat bei Digoxigenin funktionalisierten dPG Prodrugs beobachtet werden.
Dies konnte an der nichtspezifischen Wechselwirkung und Aufnahme der Pro-Pharmaka

liegen, die mit deren aktiver Aufnahme konkurriert.

Die in dieser Arbeit prasentierten Studien zeigen allesamt, dass das zielgerichtete und
mafRgeschneiderte Design der dPG-basierten Transportsysteme im Hinblick auf deren finale
Anwendung von zentraler Bedeutung sind. Beispielsweise wird ein Funktionalisierungsgrad
von > 50% des dPGs mit Amin bendtigt um eine effiziente SIRNA Transfektion in vitro und in
vivo zu erreichen. AuRerdem weist dPG-NH2 mit einem Molekulargewicht von 45 kDa und
einem Funktionalisierungsgrad von 50 % in vivo eine erhéhte siRNA Transfektion und ein
besseres Toxizitatsprofil, verglichen mit seinem Analogon mit niedrigem Molekulargewicht
auf. Zusammenfassend l&sst sich sagen, dass sowohl die Fahigkeit der Amingruppen als
Komplexbildner fur die siRNA zu fungieren, als auch die Anwesenheit von Gruppen, die die

endosomale Freisetzung begunstigen ausschlaggebend fiir eine effiziente und sichere siRNA
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Abstract and Zusammenfassung

Transfektion sind. Als Ausblick kann die Strategie des aktiven Targetings, wie z.B. bei der
Anwendung von bispezifischen Antikorpern, adaptiert werden um eine gewebespezifische

siRNA Transfektion zu bewirken.
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10 Abbreviations
AAV

ADC
ADCC
AGO2
AGT
AMPA
ApoB
BG
bFGF
BP

bp
bsAb
CD
CDC
CME
CDP

cRGD
dsRNA
DF
dPG
EBOV
EGF
EGFR
EPR
GSH
HPMA
Ig
LMW-PEI

LNAs

Abbreviations

adeno-associated virus

antibody drug conjugate

antibody-dependent cellular cytotoxicity

Argonaute 2

O°%-alkylguanine-DNA alkyltransferase

bis-(3-aminopropyl) methylamine
apolipoprotein B

benzylguanine

basic fibroblast growth factor
boranophosphate

base pair

bispecific antibody

cyclodextrin
complement-mediated cytotoxicity
clathrin-mediated endocytosis
CD-based polymers

clearance rate

cyclo-Arg-Gly-Asp
double-stranded RNA

degree of functionlization
dendritic polyglycerol

Ebola virus

epidermal growth factor

epidermal growth factor receptor
enhanced permeation and retention

glutathione

N-(2-hydroxypropyl) methacrylamide

Immunoglobulin

low molecular weight poly(ethyleneimine)

locked nucleic acids



LNP
mADbs
miRNA
MRNA
SiRNA
PD
PEG
pDNA
PDI
PEI
PGA
PS
PVP
PEHA
RES
RISC
RNAI
SARS
SiIRNA
SNALP
UNA
VPF
VEGF

Abbreviations
lipid nanoparticle
monoclonal antibody
microRNA
messenger RNA
short interfering RNA
pharmacodynamic
polyethylene glycol
plasma DNA
polydispersity index
poly(ethylene imine)
poly-L-glutamic acid
phosphorothioate
poly(vinylpyrolidone)
Pentaethylenehexamine
reticuloendothelial system
RNA induced silencing complex
RNA interference
severe acute respiratory syndrome
short interfering RNA
stable nucleic acid-lipid particles
unlocked nucleic acids
vascular permeability factor

vascular endothelial growth factor
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