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General Introduction

1. RNA Interference (RNAIi)

RNA interference (RNAI) is a natural biologic process enabling cell defense against viruses
and other foreign nucleic acids and was first discovered in 1998 by Andrew Fire and Craig
Mello, for which they were awarded the Nobel Prize in Medicine or Physiology in 2006. The
discovery of RNAi was the result of a study of gene expression in Caenorhabditis elegans, in
which post — translational gene silencing of sequence specific genes occurred in response to the
introduction of long double-stranded RNA (dsRNA) [1]. Based on these findings, it was further
elucidated that the mediators of sequence-specific degradation of messenger RNA are 21- to
23- nucleotide small interfering RNAs (siRNAs) generated by cleavage of long dsRNAs [2],
which enabled the use of RNAI to silence genes even in mammalian cells [3]. Offering the
potential to theoretically silence any chosen gene with a known sequence [4], RNAi has
subsequently been studied extensively as a method for therapeutic downregulation of the
expression of disease-related genes. The discovery of RNAI therefore opened new avenues for

the development of therapeutic options for incurable diseases.

Specifically, the first step in the process of RNAI is the production of small RNA molecules
generated from long dsRNAs precursors by an RNAse IlIl-like enzyme called “Dicer”.
Subsequently, the double stranded siRNA molecules consisting of a guide and a passenger
strand are loaded onto a multi-protein complex called RNA-induced silencing complex (RISC),

as depicted in Figure 1.

Double-stranded
siRNA

siRNA complexed
with dicer for
loading into RISC

siRNA guide
strand in RISC

Guide strand
targets mRNA

mRNA

AGO2 in RISC cleaves 1
targeted mRNA
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Figure 1. Mechanism of RNA interference (RNAi) induced by small interfering RNA (siRNA). Double-stranded
siRNA is incorporated into RNA-induced silencing complex (RISC), which binds to targeted messenger RNA
(mRNA) via the guide strand of siRNA and initiates the degradation of mRNA by Argonaute 2 (Ago2) proteins.
Adopted with permission from Kole et al. [5].

One component of the RISC complex is a slicing protein called Argonaute 2 (Ago2), which
cleaves and releases the passenger RNA strand [5]. The guide strand directs the RISC towards
complementary sequences in the respective target messenger RNA (mRNA), and binding via
intermolecular base pairing [6] initiates cleavage of the mRNA by Ago2 proteins, ultimately
preventing translation of the mRNA into the respective protein [5]. Endogenous RISC is located
in the cytosol of cells. Therefore, to achieve therapeutic effects, siRNA needs to be delivered

into the cytosol of potential target cells.

Thus, the technique of RNAI represents a highly potential and selective tool to control disease-
associated gene expression in virtually every human disease caused by pathologic gene activity,
even if the disease-related genes differ solely in one or few nucleotides compared to the original
gene. Taken together with much higher efficacy in comparison to other antisense strategies such
as DNA oligonucleotides and ribozymes [7], RNAi holds great potential as a therapeutic
strategy to tackle diseases such as autoimmune diseases, cancer, dominant genetic disorders
and viral infections [8]. A variety of RNAi-based therapeutics has been developed in the
laboratory; however, it remains a major challenge to translate the potential of RNAI into safe

and effective drugs.

2. Delivery of siRNA

One of the major bottlenecks in developing RNAi-based therapies is the successful delivery of
siRNA to the target cells since the molecule is not only featured with several unfavorable
physicochemical properties but also faces many additional physiological barriers on its way to
reach the site of action after systemic administration, as illustrated in Figure 2 [9]. Naked siRNA
is rapidly degraded by ubiquitously present serum nucleases [10] and efficiently cleared via the
kidney/urine, resulting in short plasma half-lives [11]. Furthermore, RNA molecules possess
negative charges provided by the phosphate backbone, which hampers interaction with cell
membranes and internalization into target cells [12]. In addition, aspects of 1) immune response
activation, ii) interaction with plasma proteins, iii) extravasation from blood vessels, iv)

reaching target tissues, v) cell entry, vi) endosomal escape, vii) payload release, and viii)
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incorporation of siRNA into the RNAi machinery needs to be addressed to achieve safe and

efficient therapeutic siRNA delivery [13].

vo
\‘ )
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o '()'

2\ ot ] olo|lo|o|o|o Extracellular barriers

#‘ :ﬁ;
& @ " a) Degradation, phagocytosis and interaction with
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\ I / ¢) Endosomal escape
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Figure 2. Physiological barriers to siRNA delivery after systemic administration exemplarily shown for a
nanoparticulate formulation. Extracellular barriers comprise a) degradation by serum nucleases, immune activation,
adsorption of plasma proteins and routes of elimination, b) extravasation from the blood vessels, and c¢) reaching
the target tissues. Intracellular barriers include d) cellular internalization e) endosomal escape, f) payload release,
and d) incorporation of siRNA to the RNAi machinery in the cytoplasm of the cell. Adopted with permission from
Whitehead et al. [9].

Several strategies to tackle these hurdles have been developed in order to achieve improved
stability, prolonged plasma half-lives and selective cell entry, including chemical modification
of siRNA, forming siRNA conjugates with small molecules, aptamers, functional proteins,
lipophilic molecules or polyethylene glycol (PEG), and encapsulation of siRNA into

nanoparticles of various materials [14].

Carefully applied chemical alterations of siRNA bear the potential not only to improve stability
against nucleases but also to reduce immune responses and off-target effects without loss of
efficacy [15]. Most utilized are 2'-deoxy-2'-fluoro and 2'-O-methyl modification of ribose
moieties and phosphorothioate linkages at the 5'-end of guide and passenger siRNA strands as
they confer siRNAs with considerably enhanced stability against degradation by serum
nucleases [16-19]. In addition, 2'-O-methyl modifications have been shown to reduce

nonspecific activation of the immune system [20, 21].
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Besides several conjugation approaches that improve siRNA stability, prolong circulation times
and improve cellular internalization, tremendous success for targeted siRNA delivery was
achieved by covalent linkage of ligands typically performed on the 3°- and 5°-terminus of the
passenger strand and the 3 -terminus of the guide strand [22]. The most prominent example is
the modification of siRNA with N-Acetyl-D-galactosamine (GalNac), which is a ligand for the

hepatic asialoglycoprotein receptor, enabling effective hepatocyte-targeted delivery [23].

In addition, considerable research efforts have been invested in the development of
nanoparticulate systems containing unmodified or less heavily modified siRNA, with a focus
on lipid- and polymer- based formulations as most attractive non-viral delivery systems. Upon
mixing siRNA with cationic lipids/polymers, so-called lipoplexes/polyplexes emerge due to
electrostatic interactions between negative charges present in siRNA and positive charges of

the nanocarriers [24].

Resulting nanoparticles can be further modified with specific ligands to achieve precise
internalization into target cells via receptor-meditated endocytosis (RMT) [25]. Moreover,
smart nanocarriers with unique physical and chemical properties have been developed to further
improve delivery efficiency, targeting and gene silencing through the ability to respond to a
complex biological environment. Stimuli-responsive moieties translate chemical or physical
signals, such as acidic pH, redox gradient or even light into remarkable behavior changes [26].
Overall, numerous parameters and effective features have emerged as particularly effective for

siRNA delivery, which gives prospect for successful application of RNAI in the clinic.

Even though lipid carriers require extensive formulation work to optimize the ideal composition
of components and mostly possess poor drug loading [27], they are also featured with favorable
pharmacokinetic and safety profiles, which allows excellent clinical translation [28]. In
contrast, polymer-based vectors offer several advantages, such as a wide range of easily
modifiable systems, but are characterized by a suboptimal balance between efficacy and

toxicity, which has so far hampered successful translation into the clinic [27].

To date, only five RNAi-based drugs, formulated either with cationic lipids (Onpattro™) or as
siRNA conjugates (Givlaari™, Oxlumo™, Leqvio™, Amvuttra™), have been approved for
clinical use by regulatory authorities in various countries. Only in 2018 the very first RNAi

therapeutic (Patisiran, Onpattro™) was approved by the U.S Food and Drug Administration



General Introduction

(FDA) and the European Medicines Agency (EMA) for the treatment of hereditary amyloid
transthyretin-mediated (hATTR) amyloidosis. Patisiran contains a double-stranded siRNA
encapsulated by a lipid carrier that is administered via intravenous infusion and targets the
production of the abnormal form of the transthyretin protein in the liver, which is responsible
for the build-up of amyloid deposits in tissues and organs [29]. The cationic lipid DLin-MC3-
DMA is responsible for the formulation of siRNA, such as siRNA encapsulation, and regulates
the siRNA delivery into hepatocytes, including cellular uptake and release of the payload from
the endosome. The targeting ligand Apolipoprotein E (ApoE) adsorbs to the nanoparticles upon
administering the formulation into the circulatory system and induces active cell uptake by
RMT into hepatocytes. In addition, further components of the lipid carrier, namely 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol possess structural functions,
whereas PEG2000-C-DMG components confer the particles with higher hydrophilicity and
thus higher circulation times for further uptake into hepatocytes [30]. Meanwhile, four further
RNAi-based drugs are approved for the treatment of acute hepatic poryphyria (AHP)
(Givosiran, Givlaari™, 2019), hyperoxaluria type 1 (PHI) (Lumasiran, Oxlumo™, 2020),
heterozygous familial hypercholesteremia (Inclisiran, Leqvio™, 2021) and amyloid
transthyretin-mediated (ATTR) amyloidosis with polyneuropathy (Vutrisiran, Amvuttra™,
2022). In all cases, a potent delivery approach based on conjugation of GalNAc molecules to
the siRNA passenger strand for active targeting of hepatocytes via asialoglycoprotein receptor
1 and enhanced stabilization chemistry of the siRNA obviated the need for a nanoparticulated

formulation [31-34].

3. Polymer-based gene delivery

Polymers that are used for nucleic acid delivery are chemically and structurally diverse and can
derive either from one monomer (homopolymers) or from two or more subunits arranged
randomly or in blocks (copolymers). Various chemical synthesis tools enable the design of
macromolecules with linear, branched, dendrimer, star or graft architectures [35]. Some
systems were initially investigated for DNA delivery and later additionally applied for other

nucleic acids such as siRNA.

Among the earliest investigated materials are linear polycations such as poly-L-lysine (PLL)
and polyethylenimine (PEI), that contain cationic charged amine groups, enabling efficient

nucleic acid packaging [36, 37]. Further linear polycations such as poly (amidoamines) (PAAS)
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or poly(B-amino esters) (PBAEs) were additionally studied. However, besides efficient payload
protection and uptake abilities, these materials also possess unfavorable toxicity profiles and

low endosomal escape abilities.

Other highly investigated classes of polymers are branched (co)polymers, e.g., PEI or PBAEs
and dendrimers consisting of poly (amidoamine) PAMAM or polypropylene imine (PPI) [38-
40].

Branched PEI with a high molecular weight (25kDa) is an especially high performing
nanocarrier with great transfection efficacy caused by high charge density and evolved to the
“golden standard” of gene carriers. PAMAM dendrimers contain hydrogen-bonding amide and
tertiary amine groups in their cores and display primary amine end groups as their corona,
conferring them with high cellular internalization abilities. Advantageously, due to present
amine groups with different pKa values, both systems are featured with excellent endosomal
escape abilities. After internalization into endosomes, the shift to lower pH values induces the
protonation of further amine groups, which is hypothesized to cause an influx of chloride ions
and water into the endosome and thus osmotic swelling and endosomal membrane disruption

with subsequent payload release into the cytosol [41].

However, the balance between efficacy and toxicity of these systems is not ideal since high
cationic charges are a prerequisite for successful cell uptake and endosomal release but also
induce severe cytotoxic effects. In an effort to enable the successful implementation of polymer-
based delivery into the clinic, the development of various approaches to overcome these hurdles

has been explored.

One of them is the modification of polymers with hydrophobic moieties resulting in cationic
amphiphiles that can self-assemble in aqueous solution to micelles and form micelle-like
particles upon mixing with nucleic acids. These unique systems potentially possess
advantageous features such as improved cellular internalization abilities due to additional
hydrophobic interactions with cell membranes and enhanced toxicity profiles achieved by
reduced charge density. Amphiphilic polymers can be obtained by modification of cationic
polymers with hydrophobic subunits, such as alkanes [42, 43], fatty acids [44] or phospholipids
[45, 46]. In terms of PEI, the group of Aliabadi et al., for instance, demonstrated increased

uptake ability and gene silencing efficacy taken together with tolerable cytotoxicity of fatty acid



General Introduction

modified PEI polyplexes compared to unmodified PEI [44]. In addition, various chemical
synthesis methods provide the possibility to obtain versatile amphiphilic polymer compositions

by incorporation of cationic and hydrophobic subunits [35].

Another key factor that needs to be considered for successful development of safe polymer-
based RNAI therapeutics is the biodegradability and biocompatibility of materials. Most of the
commonly used cationic polymeric vectors, such as PLL and PEI, consist of non-degradable
vinyl and amide bonds, leading to significant accumulation in the body, which may cause high
cytotoxic effects [47, 48], especially after repeated administration [49]. As already described in
literature, there are some suitable natural polymers for gene delivery exhibiting great
biocompatibility, such as chitosan, dextran or B-cyclodextrin [50]. Spermines, as naturally
occurring small, linear tetraamines represent a further potential siRNA delivery agent with high
biodegradability [51-53]. However, the synthesis of higher molecular weight spermine-
containing substances is necessary to achieve efficient siRNA encapsulation and cellular
internalization. Synthetic biodegradable polymers possess labile chemical bonds such as esters,
anhydrides, carbonates, amides and urethans that can be degraded into metabolites which can
be easily excreted [54]. Several polymerization methods, mainly step polymerization and ring-
opening polymerization (ROP), are utilized to synthesize a myriad of biodegradable polymers
such as poly (4-hydroxy-L-proline ester) (PHP), PBAEs, poly(d-valerolactone) (PVL),
aminated poly(a-hydroxy acids) (PAHA), polyphosphoester (PPE), polylactide (PLA), and
polycarbonate (PC). A particular class of biodegradable polyamides (nylon-3 polymers) that
can be synthesized via ROP with tailored amounts of hydrophobic subunits has recently been

shown to hold great potential for siRNA delivery [55].

4. Drug delivery to the brain

With regard to tremendous population growth and increased life expectations, the number of
people suffering from CNS diseases will significantly increase in the next decades. Therefore,
there is an urgent demand for effective therapeutic systems delivering potent CNS drugs to their

target sites in the brain.

The use of RNAi-based therapeutics holds great potential for treatment of CNS diseases derived
from improper functioning mutated genes such as Parkinson’s disease (PD), Alzheimer’s

disease (AD) or brain cancers. In terms of PD, it was recently shown that translation of mutated
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genes into misfunctioning proteins, in particular a-synuclein, was reduced after administration
of a multifunctional superparamagnetic nanoparticle containing a small hairpin RNA against o-
synuclein [56]. Moreover, BACEI protein represents a therapeutic target in AD that has been
successfully addressed applying an siRNA/chitosan approach [57].

In the case of brain cancers, such as glioblastoma multiforme, it was previously demonstrated
that siRNA can successfully induce glioma-related gene knockdown using dendrimer or PEI

entrapped gold nanoparticles [58, 59].

However, drug development for CNS diseases is a challenging task since the brain is separated
from the circulating blood by an especially tight blood-brain barrier (BBB), which considerably
limits the entry of small molecules and in particular macromolecular drugs. In addition, several
other concerns, such as the lack of predictive in vitro and in vivo models, impede successful

clinical translation of CNS drugs.

As illustrated in Figure 3, the BBB is composed of brain endothelial cells, pericytes and
astrocytes and is further characterized by the presence of extremely tight junction complexes in
the interendothelial spaces, formed by claudin and occludin and the expression of export
proteins such as p-glycoprotein. It controls the brain homeostasis as well as ion and molecule

movement and protects the brain against metabolites, xenobiotics and pathogens [60].

- . A A L W
: ' = ' /
v : Astrocyte iy
/ Pericyte

Blood capillary

[y

Tight junction

ol Endothelial cells ' 4

Neurons —+
- Basement

membrane

Figure 3. Structure of the Blood — Brain Barrier (BBB). A physical barrier is formed by the brain endothelial cells
connected by tight junctions as well as by the surrounding vascular basement membrane, pericytes and end feet of

astrocytes. Adopted from Alahmari et al. [61].
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The high compactness of the BBB layer precludes the paracellular diffusion by anionic,
hydrophilic and high molecular weight substances [62, 63]. Passive transcellular transport
occurs solely for lipid-soluble compounds, whereas larger and more hydrophilic substances
need to be taken up in an active way [64]. Active transport pathways include carrier-, receptor-

, and adsorptive transcytosis through the endothelial cells into the brain stroma [65].

Various strategies for direct and local drug administration in the brain have been employed,
such as intrathecal and intraventricular injection [66] or osmotic [67] and focused ultrasound
induced opening of the BBB [68]. Also, alternative routes to bypass the BBB, e.g., intranasal

drug administration, have been investigated [69].

One of the most intensively applied strategies to deliver nanoparticles into the brain represents
their functionalization with specific targeting ligands to make use of the receptor-mediated
transcytosis (RMT) pathway to cross the BBB, as depicted in Figure 4. The process of
transcytosis describes the internalization of the cargo after binding to respective receptors
expressed at the apical side of the endothelial cell membrane into vesicles, which consequently
moves through the cytoplasm to the basolateral side of the endothelial cell where they are
exocytosed. Endothelial brain cells possess several receptors that can initiate RMT, e.g., insulin,
lactoferrin, Transferrin, leptin, mannose-6-phosphate, low-density lipoprotein (LDL) and
lipoprotein receptor-related protein (LRP) receptors [70, 71]. This pathway exhibits an

excellent possibility for the transport of large molecules such as nanoparticles into the brain.

Blood ji ‘ Nanoparticle
5 C&D O Targeting ligand
v Y Receptor
&

Tight Junction

Endothelial Cell

Brain

Figure 4. Receptor-mediated transcytosis (RMT) of nanoparticles functionalized with a targeting ligand at the
blood-brain barrier (BBB). The interaction of the targeting ligand with the respective receptor triggers endocytosis
of the complex. The vesicles transport their cargo through the brain endothelial cells and finally release it into the

brain stroma.
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Numerous brain targeted delivery systems have been designed by several functionalization
strategies of carriers with specific targeting ligands. The most intensively investigated systems
were decorated with, for instance, Transferrin or ApoE. Transferrin is a native plasma
glycoprotein responsible for iron transport in biological fluids, and respective Transferrin
receptors were found to be highly expressed on brain endothelial cells to meet the iron
requirement of the brain [72, 73]. By functionalization of nanoparticles with the endogenous
Transferrin ligand, or antibodies and peptides binding to different epitopes of the receptor,
delivery of nanoparticles into the brain has been successfully achieved as measured either by
quantification of the nanoparticles in the brain or with therapeutic outcomes of the delivered
drugs [73-75]. In a study by Huang et al., a brain-targeting non-viral vector based on PAMAM
dendrimer conjugated to Transferrin via a bifunctional PEG linker for successful delivery of a
nucleic acid payload into the brain was reported [76]. ApoE is a component of the lipoprotein
classes of very low-density lipoproteins (VLDL) and chylomicrons that regulate the transport
of triglycerides and cholesterol from sites of synthesis to sites of utilization. Interactions of
ApoE with LDL or LRP receptors expressed by target cells initiate the endocytic uptake of the
complex [77]. Both receptors are expressed on brain endothelial cells to ensure the supply of
the brain with essential lipids. Several ApoE functionalization strategies for polymeric
nanoparticles containing small molecules or peptide/protein drugs such as 1) direct coating ii)
surfactant induced binding iii) PEG induced binding or iv) covalent linkage for brain delivery
have been successfully applied in in vitro and in vivo experiments. Consequently, the ApoE
approach holds great potential to implement precise brain targeting also for polymeric RNAi-
based drugs. In this context, it is worth mentioning that it is also possible that plasma ApoE is
adsorbed onto specifically tailored nanoparticles upon administering them into the blood
stream. It has been reported that precoating of nanoparticles, in particular with the surfactant
polysorbate 80 as a hydrophobic anchor, induces the adsorption of plasma ApoE, finally leading
to active targeting effects in the body [78].

The surface of nanoparticles interacts with many classes of blood proteins resulting in formation
of the so-called protein corona, which remarkably influences the fate of the nanoparticle in the
body. The non-specific interaction with proteins is highly influenced by the nanoparticle’s
material and should be considered by designing delivery systems for systemic application [79].
Depending on the composition of the protein corona, not only active targeting effects can be
initiated, but also remarkable changes in interactions with RES and thus biodistribution and

even loss of efficacy of beforehand attached targeting ligands have been reported [80].
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Furthermore, the success of bench-to-bedside translation of brain-targeted systems highly
depends on available BBB models. In order to study the drug transmigration across the BBB,
simplified in vitro models have been developed, such as monolayer models, co-culture models,
dynamic models, stem cell-based models and microfluidic models [81]. Primary cells, which
are accompanied with time and cost-intensive isolation processes have been replaced by
immortalized endothelial cell lines of different species [82-84]. However, discrepancies of
transendothelial electrical resistance (TEER) values, that characterizes the tightness of the
barrier, are still significant. Immortalized cell lines forms barriers with TEER values below 150
Q-cm?, whereas physiological TEER values can reach up to 1500 Q-cm? [85]. Even the use of
in vivo models (besides general ethical and scientific concerns [86-89]) is characterized by some
considerable drawbacks, such as remarkable species differences concerning the biodistribution
or the expression and functionality of important transporters at the BBB [72]. With regard to
barrier tightness, remarkable advancements have been achieved by the use of stem cell-derived
endothelial-like cells reaching TEER values up to 5000 Q-cm?, that can be further enhanced by

co-culturing with other cell types such as neural cells, astrocytes and pericytes [90].

5. Aim of the thesis

The overall aim of this thesis was to extend the knowledge in the field of polymeric nanoparticle
mediated drug delivery to achieve transfer of siRNA across the blood-brain barrier (BBB) for
the potential treatment of glioblastoma multiforme or other CNS disorders. A special emphasis
is laid on the question, whether hydrophobic modification of nanoparticles mediates a beneficial
effect on cellular internalization for overcoming the BBB to reach target sites in the brain.
Furthermore, it was aimed to generate a greater understanding on the role of proteins as
functional components of the protein corona of polymer-siRNA complexes to achieve active

brain targeting.

Part T of the thesis (Chapter II) therefore focuses on the investigation of highly promising
amphiphilic polymers regarding their potential of siRNA delivery into glioblastoma cells. Part
IT of the thesis (Chapter III) concentrates on proteins as functional components of the protein
corona of nanoparticles for active brain targeting, whereas Part III of the thesis (Chapter 1V)
describes the evaluation of the blood-brain permeability of nanoparticles in in vitro and in vivo

models.
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Amphiphilic polymers are hypothesized to exhibit fusogenic properties due to additional
hydrophobic interactions with cell membranes. Improved particle — cell interactions in
comparison to cationic polymers would be of great advantage in terms of overcoming the
extremely tight BBB. Hence, Chapter II reports on the evaluation of new classes of siRNA
nanocarriers depending on their structural parameters. Subchapter I1.1 describes the synthesis
of a set of poly-B-peptides (nylon-3 polymers) with varying hydrophobic content and compares
the physicochemical properties, cellular uptake and gene silencing efficiency as well as the
tolerability of the polymer-siRNA complexes (polyplexes) concluding in the superior suitability
of the polymer with the highest hydrophobic content. Subchapter I1.2 investigates the
performance of a series of poly(spermine acrylamides) homo- and copolymers with varying
amounts of hydrophobic decylacrylamide subunits as an siRNA delivery agent for glioblastoma

cells with special emphasis on the cell tolerability of polyplexes.

In the context of targeted brain delivery, Chapter III illuminates the role of proteins as
functional components of nanoparticles. Subchapter 1II.1 reviews the topic of active brain
targeting with a particular focus on the composition of the blood-brain barrier (BBB) and
summarizes approaches for Apolipoprotein E (ApoE) functionalization of polymeric
nanoparticles as a successful strategy to overcome the BBB via low density lipoprotein
receptor-mediated transcytosis by brain endothelial cells, rounded off with information on
relevant in vitro BBB-models and in vivo studies. Subchapter I11.2 deals with evaluating an
appropriate method for protein corona investigations on polyplexes to gain insight into this
important aspect of drug delivery. Proteins that bind to nanoparticles after intravenous injection
not only considerably affect their fate in vivo but might also be involved in receptor-mediated
active targeting processes. This study describes the successful optimization of a purification
method for polyplexes incubated in serum by centrifugation, which subsequently allowed the
identification of bound proteins on nylon-3 and PEI polyplexes by a mass spectrometric method
and a comparison of their protein corona profiles. Subchapter I11.3 attempts to answer the
question whether the successful surfactant-based approach of direct coating of nanoparticles
with ApoE for active brain targeting is transferable from solid nanoparticles to polyplexes
depending on their structural parameters. In this study, polyplexes obtained with a highly
hydrophobically modified nylon-3 polymer selected in Subchapter I1.1 and PEI are coated with
ApoE with and without polysorbate 80 precoating and examined regarding cellular uptake and

gene knockdown efficacy in vitro using an LDL and LRP1 receptor expressing model cell line.
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In addition, biodistribution and brain targeting ability of formulations are investigated in vivo

utilizing a radiolabeling approach of siRNA.

Chapter IV emerged out of the findings of the former chapters and describes the evaluation of
the blood-brain barrier permeability of hydrophobically modified PEI polyplexes in a serum
dependent manner with BBB models in vifro and in vivo. For this purpose, polyplexes
properties, stability and cell tolerability are investigated in detail, and protein corona
composition is examined depending on polyplex composition by applying the methods
developed in Subchapter I11.2. A sophisticated cell-based in vitro BBB model derived from
human pluripotent stem cells is established for the prediction of the BBB permeability of
polyplexes. Moreover, results are compared to in vivo data generated with a siRNA-

radiolabeling and gamma-counting approach.

Chapter V provides a concluding summary of all results and gives indications of further

possible parameters and developments that still need to be addressed in future investigations.
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Abstract

Glioblastoma multiforme is a devastating disease which attracts enormous attention due to poor
prognosis and high recurrence. Small interfering RNA (siRNA) in principle offers a promising
therapeutic approach by downregulation of disease-related genes via RNA interference. For
efficient siRNA delivery to target sites cationic polymers are often used in preclinical studies
for protection of siRNA and complex formation based on electrostatic interactions. In an effort
to develop biocompatible and efficient nanocarriers with translational outlook for optimal gene
silencing at reduced toxicity, we synthesized two sets of Nylon-3 copolymers with variable
content of cationic (DM or NM monomer) and hydrophobic subunits (CP monomer) and
evaluated their suitability for in vitro siRNA delivery into glioblastoma cells. DMo.4/CPo. and
NMo.4/CPo.6 polymers with similar subunit ratios were synthesized to compare the effect of
different cationic subunits. Additionally, we utilized NMo/CPos polymers to evaluate the
impact of the different hydrophobic content in the polymer chain. The siRNA condensation
ability and polymer-siRNA complex stability was evaluated by unmodified and modified

SYBR Gold assays, respectively. Further physicochemical characteristics, e.g., particle size and
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surface charge, were evaluated by dynamic light scattering and laser Doppler anemometry,
whereas a relatively new method for polyplex size distribution analysis — tunable resistive pulse
sensing — was additionally developed and compared to DLS measurements. Transfection
efficiencies, the route of cell internalization and protein knockdown abilities in glioblastoma
cells were investigated by flow cytometry. Furthermore, cellular tolerability was evaluated by
MTT and LDH assays. All polymers efficiently condensed siRNA at N/P ratios of 3, whereas
polymers with NM cationic subunits demonstrated smaller particle size and lower polyplex
stability. Furthermore, NMy.»/CPg s polyplexes with the highest hydrophobic content displayed
significantly higher cellular internalization in comparison to more cationic formulations and
successful knockdown capabilities. Detailed investigations of the cellular uptake route
demonstrated that these polyplexes mainly follow clathrin-mediated endocytotic uptake
mechanisms implying high interaction capacity with cellular membranes. Taken together with
conducive toxicity profiles; highly hydrophobic Nylon-3 polymers provide an appropriate

siRNA delivery agent for potential treatment of glioblastoma.

1. Introduction

Glioblastoma multiforme (GBM) is the most common devastating type of primary malignant
tumor of the central nervous system. The current standard treatment includes surgical resection
followed by radiation and chemotherapy with temozolomide and the use of the monoclonal
antibody bevacizumab that inhibits vascular endothelial growth factors [1]. However, even with
aggressive treatment, patient outcomes remain poor with median survival times of only 12 to
15 months [2]. Thus, any new therapeutic strategy to target this disease is of significant benefit.
Small interference RNA (siRNA) is a promising therapeutic approach due to its ability to
potentially knock down disease-related genes and is intensively investigated for the treatment
of a broad range of disorders [3—7]. In case of glioblastoma treatment, it was recently shown by
various groups that siRNA can successfully induce glioma-related gene knockdown and tumor
growth inhibition in in vitro as well as in vivo experiments [8—10]. Successful siRNA delivery
and silencing of glioma-related genes, e.g. B-cell lymphoma/leukemia-2 (Bcl-2), was enabled
by dendrimer - or polyethylenimine (PEI) - entrapped gold nanoparticles by the groups of Qiu
et al. and Khong et al., respectively [11,12]. In these treatments and also in most other cases of
siRNA delivery, limitations in application of naked siRNA caused by rapid degradation,
immune response and low passive cell uptake [13] are bypassed by using suitable delivery

systems to encapsulate the nucleic acids by electrostatic interactions in order to shield them
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from the environment and to assist cellular internalization. Several non-viral siRNA
formulation approaches such as liposomes and especially cationic polymeric delivery systems
have been extensively investigated [14]. However, the main hurdle of high cellular toxicity due
to high positive charge density and poor transfection efficiencies of cationic nucleic acid
carriers still remains [15]. As an advancement, hydrophobically modified cationic polymers,
e.g. phospholipid-modified PEI [16], poly(amidoamine) dendrimers (PAMAM) [17] and PEI-
poly(caprolactone)-poly(ethylene glycol) (PEI-PCL-PEG) polymers [18] were investigated by
various groups due to improved performance as siRNA carriers coupled with considerably
decreased cytotoxicity [19]. In addition, Nylon-3 polymers, which have a similar backbone to
biocompatible and biodegradable peptides, were tested for various medical/biological
applications by the groups of Gellman and Liu. Due to their high altering amenability, they
were successfully used for mimicking antimicrobial host-defense peptides [20], lung surfactant
[21], natural polysaccharides [22] and as cell adhesion promoters [23], which also laid
promising foundations for application as a potential gene delivery agent. The first siRNA
delivery performance study on these polymers was investigated in non-small cell lung cancer
cells (H1299) indicating hydrophobic structures made from a considerable amount of
hydrophobic subunits might be superior siRNA delivery agents [24]. Nylon-3 polymers can be
synthesized via anionic ring-opening polymerization (ROP) via statistical copolymerization of
various B-lactams using lithium bis(trimethylsilylamide) (LiHMDS) as initiator to incorporate
both cationic and lipophilic/hydrophobic subunits, providing the opportunity to obtain versatile
and tailor-made polymer compositions by regulation of the monomer feed [25]. Herein, we
synthesized a tailored set of random Nylon-3 copolymers via ROP with increased amount of
hydrophobic subunits derived from B-lactam cyclopentyl (CP) and cationic subunits either from
B-lactam dimethyl (DM) or nomethyl (NM). Differently designed Nylon-3 polymers
concerning the ratio between the hydrophobic and cationic subunit as well as the use of different
cationic monomers were used to investigate the suitability for siRNA delivery into glioblastoma
cells depending on the polymer’s microstructure. Optimized NM monomer was used to
decrease sterically demand and hydrophobicity of cationic subunits in order to enable more
compact siRNA complexation potentially leading to more favorable particle sizes. The obtained
siRNA-polymer complexes (polyplexes) were characterized in detail regarding
physicochemical characteristics such as siRNA encapsulation ability, polyplex stability,
particle size and surface charge. Tunable resistive pulse sensing (TRPS) was established as a
suitable method for polyplex size distribution analysis by comparison to dynamic light

scattering (DLS) data. Furthermore, cellular internalization, route of uptake and gene
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knockdown efficiency was assessed by flow cytometry and cell tolerability was examined by
MTT and LDH assays. Based on these findings, the most hydrophobic Nylon-3 polymers
provide optimal properties regarding particle characteristics and ability to fuse with cell
membranes leading to excellent transfection efficiencies and successful gene knockdown in

glioblastoma cells at minimal cytotoxic effects.

2. Materials and Methods

2.1 Materials

HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid), sodium acetate, potassium
chloride, Tween® 20, heparin sodium salt, thiazolyl blue tetrazolium bromide (MTT), Nystatin,
Wortmannin, chlorpromazine hydrochloride, methyl-3-cyclodextrin, chloroquine diphosphate,
paraformaldehyde solution, 4',6—diamidino—2-phenylindole dihydrochloride (DAPI),
FluorSave Reagent and for cell culture U87 cells (human glioblastoma astrocytoma), Eagle's
Minimum Essential Medium (EMEM), RPMI-1640 Medium, Fetal Bovine Serum (FBS),
Penicillin-Streptomycin solution, Dulbecco’s Phosphate Buffered Saline (PBS), trypsin-EDTA
solution 0.25%, L-glutamine solution 200 mM, dimethyl sulfoxide (DMSO) and Geniticin
(G418) disulfate solution were purchased from Sigma-Aldrich (Taufkirchen, Germany). Green
fluorescent protein (eGFP) reporter cell line—-NCI-H1299 (human non-small cell lung
carcinoma) was purchased from ATCC (Manassas, VA, USA). SYBR Gold Dye, Lipofectamin
2000 transfection reagent, AlexaFluor 488 (AF488) and 647 (AF647) dyes were purchased
from Life Technologies (Carlsbad, California, USA). HyClone trypan blue solution 0.4% in
phosphate buffered saline was obtained from FisherScientific (Hampton, New Hampshire,
USA) and CytoTox 96® Non-Radioactive Cytotoxicity Assay was purchased from Promega
(Madison, Wisconsin, USA). Amine-modified eGFP siRNA (5'-
pACCCUGAAGUUCAUCUGCACCACcg, 3'- ACUGGGACUUCAAGUAGACGGGUGG
C), human glyceraldehyde 3—phosphate dehydrogenase (GAPDH) siRNA (5'-

€e_ 9

Technologies (Leuven, Belgium). Indication of modified nucleotides: “p” denotes a phosphate
residue, lower case letters are 2'-deoxyribonucleotides, capital letters are ribonucleotides, and

underlined capital letters are 2'-O-methylribonucleotides.
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2.2 Synthesis and characterization of Nylon-3 random copolymers

Nylon-3 random copolymers were synthesized via anionic ring-opening polymerization (ROP)
of racemic B-lactams. Polymer DMo.4/CPo.s (DM as cationic monomer and CP as hydrophobic
monomer) was synthesized as described previously [24, 25]. The polymerization was conducted
in the presence of (*)-7-(2-tritylthioacetyl)-7-azabicyclo[4,2,0]octan-8-one (I) as the co-
initiator and lithium bis(trimethylsilylamide) (LiHMDS) as the base to afford the desired
polymer with one N-terminal thiol-end group per polymer chain (Figure S1, Supplementary
Material) [23]. Monomers B-NM (cationic monomer) and CP (hydrophobic monomer) for
NM/CP copolymers were prepared according to literature procedures [26]. Random copolymers
from B-NM and CP were synthesized by following previously reported procedures [20]. The
polymerization was conducted in the presence of 4-tert-butyl-benzoyl chloride (II) as the co-
initiator and LIHMDS as the base to afford the desired polymers with an N-terminal tert-butyl-
benzoyl group (Figure S2, Supplementary Material) [27]. Deprotection of all Boc-protected
polymers was performed in trifluoroacetic acid (TFA) to obtain the TFA-salts of the desired
polymers [28]. To determine the average molecular weight and polydispersity of DM/CP
polymers, characterization was conducted with Boc-protected side chains via gel permeation
chromatography (GPC) using a Shimadzu GPC instrument equipped with two Waters columns
(Styragel HR 4E, particle size 5 um) linked in series, equipped with a multiangle light scattering
detector (Wyatt miniDAWN, 690 nm, 30 mW), and a refractive index detector (Wyatt Optilab-
rEX, 690 nm). THF was used as the mobile phase at a flow rate of 1 mL/min. 'H - NMR spectra
of DM/CP polymer were measured on a Varian Mercury Nuclear Magnetic Resonance (NMR)
Spectrometer at 300 MHz in deuterium oxide with 512 scans. 'H - NMR spectra of NM/CP
polymers were measured on a Bruker AV500 in deuterium oxide with 128 scans. Molar masses
of NM/CP polymers were directly calculated via 'H-NMR in D>O performed with unprotected
TFA salts by comparing the signal between 4.0 and 4.5 ppm (one proton per repeating unit p (p
=n+ m)), and the tert-butyl group of the end-group (1.33 ppm) or the aromatic benzylic protons
(7.5 - 8.0 ppm).

2.3 Preparation of polyplexes

To prepare polymer-siRNA complexes (polyplexes), aqueous polymer stock solutions were
diluted with freshly filtered 10 mM HEPES buffer (pH 7.2) to predetermined concentrations,
added to a defined amount of siRNA in a microcentrifuge tube to obtain polyplexes at various
N/P ratios and incubated for 30 min to permit stable polyplex formation. The N/P ratio is

defined as the molar ratio between the polymer amine groups (N) and the siRNA phosphate
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groups (P). The amount of polymer needed to obtain different N/P ratios was calculated

according to following equation:

m (polymer in pg) = n siRNA (pmol) x M protonable unit (g/mol) x N/P x number of
nucleotides siRNA

The protonable unit of each polymer was calculated by dividing its molar mass by number of
protonable primary amines present in each polymer and illustrated in Scheme 1. (Number of

nucleotides of 25/27mer siRNA = 52)

0
o o o 0
)—NH NH MNH N
HS R
Hsﬂj% 159,65
TFA

DM, 4/CPg ¢
M, =43 700 g/mol
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0 0o
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e 86 ) 12854 NH. 41 ) 17151,
TFA

3

TFA
M, = 32 900 g/mol M, = 28 000 g/mol
Mprotonable unit = 382 g/mol Morotonable unit = 683 g/mol

Scheme 1. Nylon-3 polymers used in this study.

2.4 siRNA encapsulation Assay by SYBR Gold Assay

SYBR Gold assay was used to evaluate the capacity of the polymers to condense siRNA at
various N/P ratios analogous to procedures previously described [29]. Polyplexes with 50 pmol
siRNA were prepared in HEPES buffer and 100 pl of each polyplex solution was distributed in
a white FluoroNunc 96 well plate (FisherScientific, Hampton, New Hampshire, USA). A 4X
SYBR Gold solution (30 ul) was added to each well and the plate was incubated for 10 min in

the dark. Fluorescence signal was determined by using a fluorescence plate reader (FLUOstar

27



Hydrophobically Modified Polymers for siRNA Delivery to Glioblastoma Cells

Omega, BMG Labtech, Ortenberg, Germany) at 492 and 555 nm excitation and emission
wavelengths, respectively. An analogous procedure with free siRNA was used as 100% value.

Measurements were performed in triplicates and results are shown as mean values (n = 3).

2.5 Size and ({)-Potential Analysis by Dynamic Light Scattering and Laser Doppler
Anemometry

Particle size, polydispersity index (PDI) and zeta potential of polyplexes were measured using
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK). Polyplexes were formed at various
N/P ratios in HEPES buffer. A total volume of 100 pul of each sample was added to a disposal
cuvette (Malvern Instruments, Malvern; UK) and used for particle size and PDI measurements
by dynamic light scattering at 173° backscatter angle running 15 scans three times per sample.
Zeta potentials were measured using a Zeta Cell (Zetasizer Nano series, Malvern, UK)
containing a 7X dilution of another 100 ul sample aliquot by laser Doppler anemometry (LDA)
with each run consisting of 30 scans. Results are expressed as mean * standard deviation

(n=3).

2.6 Size Measurements by Tunable Resistive Pulse Sensing

Measurements were conducted using a qNano Gold system (Izon Science, Oxford, UK)
equipped with an upper and a lower fluid cell and a separating polyurethane membrane between
the cells possessing a single nanopore at its center. All measurements were performed with a
NP 200 Nanopore (size range 85 — 500 nm) (Izon Science, Oxford, UK) with a minimum
particle count of 500. The lower and upper fluid cells were filled with 75 ul and 40 ul of
electrolyte (30 mM HEPES, 100 mM potassium chloride, 2 mM EDTA and 0.03% Tween®20),
respectively. The instrument was calibrated according to the manufacturer’s protocol with
defined 200 nm polystyrene calibration particles. Subsequently, the calibration particle
suspension in the upper fluid cell was replaced by 40 ul polyplexes dilution. As 10 mM HEPES
buffer was not suitable for polyplex preparation to achieve a stable signal and baseline during
the measurements due to insufficient electrical conductivity (¢ =44 uS/cm), samples were
prepared as usual, incubated for 30 mins and 1X diluted with a freshly filtered electrolyte
solution containing 30 mM HEPES, 100 mM potassium chloride, 2 mM EDTA and 0.03%
Tween®20 (c = 8.5 mS/cm). All samples were used within 30 min after dilution. Membrane
stretching was maintained between 44 and 48 mm, voltage was adjusted to achieve an

appropriate baseline current for each sample and additional pressures ranging from 6 to 18 mbar
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were applied to the system. The current pulse signals were collected and exported for analysis

using Izon Control Suite software 3.3 (Izon Science, Oxford, UK).

2.7 Polyplex morphology by scanning transmission electron microscopy coupled with energy-
dispersive X-ray spectroscopy

The morphology and the composition of the polyplexes were analyzed with a Titan Themis
transmission electron microscope (TEM) equipped with a Super-X energy dispersive X-ray
(EDX) spectrometer. The measurements were performed in scanning transmission electron
microscopy (STEM) annular dark field (ADF) mode at an acceleration voltage of 300 kV.
STEM-ADF delivers atomic number sensitive contrast, thereby areas of different composition
may be distinguished from their surroundings. NMo2/CPo g polyplexes were prepared in water
to avoid buffer crystallization at N/P 4 and diluted 1:5 with water. A drop of particle suspension
was dispensed on a plasma activated carbon-coated copper grid and left to dry for 60 s before

blotting.

2.8 Cells and Cell culture

U87 cells (human glioblastoma cell line) were cultured in EMEM media supplemented with
heat inactivated FBS (10%) and Penicillin-Streptomycin (1%). eGFP reporter cell line-NCI-
H1299 was cultivated in RPMI-1640 media supplemented with heat inactivated FBS (10%),
Penicillin-Streptomycin (1%) and 0.4% (v/v) Geneticin (G418). The plasmid for eGFP
expression also contains an antibiotic resistance for Geniticin to enable the selection of only

stably eGFP expressing cells. All cells were subcultured, maintained and grown in an incubator

in humidified air with 5% CO; at 37 °C.

2.9 Quantification of cellular Uptake by Flow Cytometry

Flow cytometry was used to quantify the in vitro cellular uptake of polyplexes. Amine modified
siRNA was labeled with the fluorescence dye Alexa Fluor 488 (AF488) following the
manufacturer’s protocol and purified by ethanol precipitation and spin column binding as
described previously [30]. U87 cells were seeded in 24 well plates at a density of 100.000 cells
per well and incubated for 24 h at 37 °C and 5% CO.. For all uptake experiments, polyplexes
were prepared with 50 pmol siRNA-AF488 at different N/P ratios, negative controls consisted
of untreated and free siRNA treated cells, while positive control cells were transfected with
Lipofectamine 2000 lipoplexes, which were prepared with 50 pmol siRNA-AF488 according

to the manufacturer's protocol. After transfection of cells for 24 h, incubation medium was
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removed, cells were washed with PBS and detached using 0.25% trypsin-EDTA. Samples were
washed two times with PBS and resuspended in 500 ul PBS/2 mM EDTA. Additionally, trypan
blue quenching was used to exclude surface fluorescence signals of not completely internalized
siRNA-complexes. Results were compared to those obtained with cells that did not undergo
trypan blue quenching. Median fluorescence intensities (MFI) were analyzed using an Attune
NxT Acoustic Focusing Cytometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
by exciting the siRNA-AF488 at 488 nm and measuring the fluorescence signal with a
530/30 nm emission filter. Samples were run in triplicates, each sample consisting of a

minimum of 10000 viable cells. Results are given as mean + standard deviation (n = 3).

2.10 Route of cellular Uptake

To investigate the route of polyplexes uptake, experiments with different types of specific
uptake inhibitors were performed [31]. U87 cells (100000 per well) seeded 24 h prior to
experiment were incubated with nystatin (10 pg/ml), wortmannin (12 ng/ml), chlorpromazine
(10 pg/ml) and methyl-beta-cyclodextrin (3 mg/ml) for 1 h followed by incubation with
polyplexes containing AF488 labelled siRNA for 24 h. Positive control cells without inhibitor
treatment were transfected with polyplexes and untreated cells served as a blank control. After
trypsinizing, 20 pl of cell suspension was stained with 0.4% trypan blue solution to investigate
the cytotoxicity of used inhibitors. Number of living and dead cells was counted in a Neubauer
chamber using an Axio Vert.Al microscope (Zeiss, Oberkochen, Germany). The percentage of
viable cells was calculated. Remaining samples were washed, one half mixed with 0.4% trypan
solution to quench surface fluorescence and all samples were subjected to flow cytometric
detection of siRNA uptake as described above. The experiments were performed in triplicates.
Results are shown as percentage of median fluorescence intensity related to not inhibited

positive control samples (100%).

2.11 siRNA Release by Heparin Competition Assay

To evaluate the polyplex stability in the presence of competing polyanions under neutral and
acidic conditions a heparin competition assay was performed. Polyplexes were prepared in the
presence of two different buffers, a 10 mM HEPES buffer (pH 7.4) and a 10 mM sodium acetate
buffer (pH 4.5) to enable comparison of polyplexes stability at different pH as well as at various
ionic strengths. Polyplexes sample aliquots of 60 pl were dispersed into a white FluoroNunc 96
well plate and 10 ul of beforehand prepared heparin concentrations (0.12, 0.16, 0.21, 0.27, 0.35,
0.46, 0.59, 0.77, 1 USP units/well) were added to the wells each. After incubation for 30 min
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at room temperature, 30 ul of a 4X SYBR Gold solution was added to each well and the plate
was incubated for 10 min under light exclusion. Fluorescence measurement and calculation of
percentage of free siRNA was performed as described under section 2.4. To obtain more precise
results each heparin concentration was added to the respective buffer and used as blank for
related samples. Measurements were performed in triplicates and results are shown as mean

values (n = 3).

2.12 In vitro eGFP Knockdown by Flow Cytometry

To determine if polyplexes can efficiently knock down protein levels in cells, silencing of
enhanced green fluorescent protein reporter gene eGFP was quantified by flow cytometry.
H1299/eGFP cells (25000 per well) were seeded in 24 well plates in 500 pul medium and grown
for 24 h at 37 °C in humidified atmosphere with 5% CO». As positive control Lipofectamin
2000 lipoplexes formulated with 50 pmol of siRNA against eGFP (siGFP) and as negative
control poly - and lipoplexes containing scrambled siRNA were included. Cells were
transfected with siGFP-polyplexes and controls for 48 h with or without chloroquine treatment.
Subsequently, cells were trypsinized and prepared for flow cytometry measurements as
described for cellular uptake experiments. MFIs of samples were quantified using an Attune
Cytometer (Thermo Fisher Scientific, Waltham, Massachusetts, USA) with a 488 nm excitation
laser and a 530/30 nm emission filter. Experiments were conducted in triplicates, each sample
consisting of a minimum of 10000 cells. Results are shown as percentage of knockdown

compared with the expression level in non-transfected cells.

2.13 Cytotoxicity

2.13.1 MTT Assay

Cytotoxicity of free polymers and polyplexes was tested via MTT assay. Therefore 8000 U87
cells per well were plated 24 h prior in a transparent 96 well plate (FisherScientific, Hampton,
New Hampshire, USA). Free polymers were diluted in pre-warmed EMEM medium to a final
concentration of 5 pg/ml and 20 pg/ml. Polyplexes were freshly prepared and 10X diluted with
medium as well. After consumed medium was completely removed, 100 ul of polymer or
polyplex containing medium was added to each well and incubated for 24, 48, 72 h at 37°C and
5% COy. As a positive control, DMSO 25% in medium was used. After the respective
incubation times, medium was aspirated and 100 pl of MTT containing medium (0.5 mg/ml in
EMEM media) was added to each well. Cells were incubated for another 3 h in the incubator.

Subsequently, the cell culture medium was completely removed and insoluble purple formazan
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crystals, converted from water soluble MTT by metabolically active mitochondria [32] was
dissolved in 200 pl iso-propanol. The absorption was quantified at 570 nm and corrected with
background values measured at 680 nm using a microplate reader (FLUOstar Omega, BMG
Labtech, Ortenberg, Germany). The experiment was performed in triplicate and results are
shown as mean + standard deviation normalized to percentage of viable cells in comparison to

untreated cells representing 100% viability.

2.13.2 LDH Assay

Cytotoxicity, caused by membrane damage after polymer/polyplex treatment, was evaluated
using a CytoTox 96® Non-Radioactive Cytotoxicity Assay Kit (containing lysis buffer,
Cytotox 96 reagent and stop solution) according to the manufacturer’s protocol. Briefly, U87
cells were plated 24 h prior in a 96 well plate at a density of 8000 cells per well and were treated
with polymer or polyplex solutions similar as described for the MTT assay. Samples treated
with lysis buffer were used as positive control and represent 100% LDH release; untreated cells
were cultivated as blank controls. In another 96 well plate, 50 ul media aliquots were mixed
with 50 ul Cytotox 96 reagent. Plates were incubated under light protection for 30 min to allow
the conversion of tetrazolium salt into a red formazan product mediated via lactate
dehydrogenase (LDH) enzyme [33]. Subsequently, 50 ul stop solution was added and
absorbance was measured at 490 nm by using a microplate reader (FLUOstar Omega, BMG
Labtech, Ortenberg, Germany). The percentage of cytotoxicity was calculated by the ratio of
experimental LDH release and maximum LDH release. Results are graphed as mean + standard

deviation (n = 3).

2.14 Confocal Laser Scanning Microscopy

2.14.1 Endosomal entrapment

To visualize the cellular distribution of polyplexes, 50000 eGFP H1299 cells were seeded on
13 mm microscope cover glasses (VWR, Pennsylvania, USA) which were placed in each well
of a 24 well plate. Cells were transfected with or without chloroquine treatment for 24 h with
poly- and lipoplexes formulated with 50 pmol AlexaFluor 647-labeled siRNA. Subsequently,
cells were washed with PBS twice, incubated with a 75 nM Lysotracker red™ dnd 99 solution
for 1 h at 37°C and 5% CO., washed again with PBS and fixed using freshly prepared 4%
paraformaldehyde in PBS. After washing cells with PBS twice, their nucleus was stained with
DAPI at a final concentration of 1 pg/ml. The cells were finally washed with PBS twice and

mounted utilizing FluorSave reagent. Fluorescence images were acquired using a laser scanning
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microscope (Leica SP8 inverted, Software: LAS X, Leica microsystems GmbH, Wetzlar,
Germany). Diode lasers (405 and 638 nm) and an argon laser (552 nm) were chosen for
excitation, emission was detected in blue (410 — 480 nm, DAPI), red (660 — 785 nm, AF647)
and yellow (600 — 700 nm, Lysotracker red) channels, respectively.

2.14.2 In vitro eGFP Knockdown

For eGFP knockdown experiments, 50000 eGFP H1299 cells were seeded on coverslips placed
in a 24 well plate and treated as described for eGFP knockdown experiments. Subsequently,
cells were washed with PBS twice and fixed using 4% paraformaldehyde in PBS. After washing
cells with PBS twice, their nucleus was stained with DAPI at a final concentration of 1 pg/ml.
The cells were finally washed with PBS twice and mounted utilizing FluorSave reagent. Slides
were imaged as described above; for excitation a diode laser (405 nm) and an argon laser
(488 nm) were used, emission was detected in blue (410 - 483 nm, DAPI) and green (493 - 778

nm, eGFP) channels, respectively.

2.15 Statistics

Unless otherwise stated, results are given as mean value + standard deviation. One-way
ANOVA with Bonferroni multiple comparison test and two-way ANOVA were performed in
GraphPad Prism software (Graph Pad Software, La Jolla, CA) to calculate p-values at 95%

confidence.

3. Results and Discussion

3.1 Polymers synthesis and characterization

Polymers were prepared with varying ratios of hydrophobic and hydrophilic B-lactams via
anionic ring-opening polymerization (ROP) as described above, by simple modulation of the
monomer feed. The synthesis led to two sets of random Nylon-3 copolymers that contain both,
a hydrophobic and a cationic, subunit. The hydrophobic monomer was in every case
cyclopentadienyl B-lactam (CP). The cationic monomer was either a dimethyl B-lactam (DM)
or a B-lactam without methyl group (NM). DMy.4/CPo.6 and NM.4/CPg ¢ polymers with similar
subunit ratios were synthesized to compare the effect of different cationic subunits.
Additionally, we altered the proportion of hydrophobic subunit in the NM/CP set (NMo.4/CPo.6
and NMy.»/CPy3) to be able to evaluate the impact of different hydrophobic fractions of the

polymer chains regarding particle formation, cellular internalization and endosomal escape
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ability. To determine molecular weights of the NM/CP polymers and to confirm subunit ratios,
polymers were characterized by "H-NMR spectroscopy as described above. Molar masses and
degree of polymerization obtained for NMo.4/CPo¢ and NMy 2/CPo g polymers were 32900 g/mol
and 214 and 28000 g/mol and 212, respectively (Figure S5 and S6, Supplementary Material).
Due to the lack of visible end-groups in the 'H-NMR spectra (Figure S4, Supplementary
Material), to determine the polydispersity and to confirm monomodal distribution of Nylon-3
polymers, DMo4/CPos was characterized by gel permeation chromatography (GPC) in THF
using the boc-protected polymer. Values derived from GPC analysis of DMo.4/CPos are shown
in Figure S3 (Supplementary Material). Based on the GPC results, a degree of polymerization

of 265 and a molar mass of 43700 g/mol for unprotected DMo.4/CPo.¢ was calculated.

3.2 siRNA encapsulation Assay

In order to enable delivery of siRNA molecule to target sites and especially to protect the
sensitive backbone from various sources of degradation after application such as nucleases [34],
an effective method of protection is encapsulation by charge complexation. Positively charged
polymers electrostatically interact with negative charges provided by phosphate groups present
in the siRNA molecule [35]. Consequently, siRNA encapsulation ability of polymers represents
an important property in evaluating their suitability as siRNA carrier. Although, exact
mechanism for complex formation between Nylon-3 polymers and siRNA are still unknown, a
combination of electrostatic and hydrophobic interactions due to polymers structural properties
is implicated [24]. As previously described, polycationic structures cause dose-dependent
toxicity, therefore optimal polymer concentrations for efficient siRNA condensation and
protection needs to be evaluated [15]. In order to determine optimal amounts of polymer, we
performed siRNA encapsulation assays at various N/P ratios (Figure 1) by using the fluorescent

dye SYBR Gold.
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Figure 1. siRNA encapsulation profiles of polyplexes as measured by SYBR Gold assay at various N/P ratios.
100% values (N/P = 0) are represented by determined fluorescence of uncondensed siRNA. (Data points indicate

mean, n = 3).

In this assay, free and unbound siRNA is completely accessible to the intercalating nucleic acid
dye SYBR Gold causing a fluorescence signal enhancement, measured fluorescence signal
decreases as soon as siRNA is protected in a polyplex. DMg.4/CPos and NMo.4/CPo.¢ polymers
showed comparable siRNA encapsulation profiles with approximately 15% free siRNA at N/P
1 and maximum condensation at N/P 3 with 4.63% and 6.8% of non-encapsulated siRNA,
respectively. NMo.2/CPos polymer left 70.45% of siRNA uncondensed at N/P 1 and showed
maximum protection of siRNA payload at N/P 2.5 with 12.68% free siRNA. As the NMo2/CPos
polymer has the lowest charge density, it can be concluded that a certain amount of electrostatic
interaction is needed to encapsulate siRNA efficiently. Furthermore, NMy »/CPo g polymer was
not able to condense siRNA as efficiently as DMo.4/CPo.c and NMo.4/CPo6 polymers. However,
all polymers showed highly efficient siRNA encapsulation at rather low N/P ratios in
comparison to low molecular weight polyethylenimine based polymers for example [36]. Using
the latter, complete condensation of sSiRNA was achieved only at N/P ratio of 5 and higher. In
contrast, as described elsewhere, amphiphilic PEI-PCL-PEG polymers achieved full siRNA
condensation comparable to Nylon-3 polymers at N/P ratio 2 indicating a high nucleic acid-
binding affinity of amphiphilic materials that condense with siRNA electrostatically and due to
hydrophobic interactions [18]. Advantageously, the use of low polymer concentrations helps

avoid unwanted side or toxic effects and reduces costs caused of the polymer excipient.
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3.3 Particle characterization

3.3.1 Size and Zeta ({)-Potential Analysis by Dynamic Light Scattering and Laser Doppler
Anemometry

In order to investigate whether Nylon-3 polymer—siRNA polyplexes fulfill general
requirements for efficient nanoparticle drug delivery in glioblastoma cells [37], the first step of
our study was the characterization of nanoparticles physicochemical characteristics, as these
are two major determinants for intracellular uptake and transfection abilities. To determine
optimal N/P ratios for further experiments, hydrodynamic diameter, PDIs and zeta potentials
were measured at N/P ratios from 1 to 15 using protocols described above and are exemplarily
shown for NMo2/CPos polymer (Figure S7, Supplementary Material). At N/P ratio 4
NMo.2/CPos polyplexes demonstrated smallest particle sizes in combination with slightly
positive zeta potentials indicating optimal encapsulation efficiency at this N/P ratio. In an
analogous procedure and in combination with uptake experiments (vide infra) N/P ratios for
NMo.4/CPo6 and DMo.4/CPo6 polymers were selected. In detail, and as shown in Figure 2A,
DMo.4/CPo.6 polyplex sizes increased with increasing N/P ratios from 128.2 nm at N/P 1 to
253.0 nm at N/P 5, whereas NMy.4/CPo.c and NMy»/CPo g polyplexes showed smallest sizes at
N/P 4 with 107.1 nm and 101.1 nm and PDIs of 0.298 and 0.193, respectively. This finding is
in line with previously published data for the DMo.4/CPo.c polymer [24]. NM/CP polymers both
displayed a similar trend as reported for high molecular weight PEI and for PEI-PCL-PEG
polymers that show a minimum in hydrodynamic diameter at N/P ratio of 2 (133 nm) and 10
(128 nm), respectively. Increasing the N/P ratio beyond this optimal value was shown to cause
larger hydrodynamic diameters and PDIs [38]. Zeta potentials of polyplexes increased with
rising N/P ratios (Figure 2B), showing negative values at lower N/P ratios, while at N/P 4 or 5
all polyplexes revealed positive values ranging from 2.24 mV for DMy4/CPy.6 polyplexes to
17.03 mV for NMy.»/CPy s polyplexes. NMo.4/CPo6 polyplexes showed a slightly higher positive
charge at N/P ratio 2.5 compared to that at N/P 5, which is comparable with findings for
PEI/siRNA complexes [38].
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Figure 2. Dynamic light scattering and laser Doppler anemometry measurements of polyplexes formed with
DMo.4/CPo.6, NMo.4/CPo.6 and NMo.2/CPos (A) Hydrodynamic diameters (left y-axis), polydispersity indices (PDI,
right y-axis) and (B) zeta potentials of DMo.4/CPo.c polyplexes at N/P ratio 1, 3 and 5 and of NM/CP polyplexes at
N/P ratio 1, 2.5 and 4. (Data points indicate mean + SD, n = 3).

On the basis of this data, we suggest that at N/P 1 siRNA is incompletely and loosely attached
to the polymer leading to a negative zeta potential. By increasing N/P ratios, siRNA is more
efficiently embedded in the polymers. N/P 5 for DMg.4/CPo.6 and 2.5 for both NM/CP polymers
offer sufficient polymer excess for positive surface charges. Upon addition of further polymer,
it is possible that either further polymer layers form on the surface of the polyplex or a
redistribution of siRNA and polymer may occur [38]. Interestingly, NM/CP polymers
demonstrated smallest particle sizes with narrow size distributions at N/P ratio 4 indicating
higher packing efficiencies probably due to missing methyl groups, and therefore less steric
hinderance in the cationic subunits. The NM subunit is in addition more hydrophilic, which
supports interactions with siRNA molecules. These results confirmed our assumption that NM
monomer makes polymer highly capable to form compact particles with siRNA at favorable
sizes. Increasing the N/P ratio beyond this optimal value was shown to cause larger
hydrodynamic diameters and PDIs [38]. In conclusion all polymers at optimal N/P ratios were

able to form particles with siRNA at appropriate size and surface charges.

3.3.2 Size measurements by Tunable Resistive Pulse Sensing

Particle diameter measurements were also performed by tunable resistive pulse sensing
(TRPS). This technique has already been used in the field of drug delivery as it provides
accurate characterization possibilities of drug delivery systems to ensure effectivity and quality
control [39]. The system is equipped with an upper and a lower fluid cell filled with electrolyte
and separated by a polyurethane membrane containing a centered single nanopore. When a
voltage is applied ions move through the nanopore and generate a baseline current. As soon as
a particle traverses the pore a reduction in the ionic current occurs and the magnitude of the
measured blockade signal is directly proportional to the particle volume, allowing
determination of particle size. Consequently, and in contrast to DLS measurements, TRPS
performs particle-by particle-measurements and provides statistical number-weighted
distributions rather than average results. To allow a consistent comparison between DLS and
TRPS technique, DLS data were also expressed as number-weighted distributions calculated
from scattered light intensity values and various other parameters [37]. To optimize a protocol
for the measurement of polyplexes as dynamic charged systems with TRPS, different aspects

had to be taken into account. As complex formation between siRNA and polymer is mainly
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caused by electrostatic interactions, an increase in the salt concentration, as present in
measurement electrolyte, leads to a decreased binding affinity between siRNA and polymer due
to charge shielding effects [40]. Furthermore, as the TRPS technique was initially optimized to
measure particles with negative surface charges, we expected interactions of positively charged
polyplexes with the polyurethane membrane. Modifications optimized for negatively charged
particles might lead to nanopore blockades by measuring polyplexes with positive loads. In
order to circumvent these limitations, we used NMjyo/CPo s with the lowest cationic amount for
TRPS protocol optimization. By using SYBR Gold assays, performed in HEPES buffer and in
TRPS-electrolyte solutions, we confirmed no significant difference in encapsulation
efficiencies (Figure S8 A, Supplementary Material). To determine influence on polyplex size,
we performed DLS measurements in HEPES buffer and electrolyte solution over time at various
N/P ratios. In line with our expectations, hydrodynamic diameters of polyplexes increased after
diluting polyplexes with electrolyte solution after 10 min incubation due to decreased binding
affinities, whereas the most distinct effect of size increase was displayed at N/P 4 (Figure S8,
B, Supplementary Material). However, after 1 h incubation time, diameters remained quite
stable. TRPS and DLS measurements were conducted within 30 mins after sample dilution to
avoid destabilizing effects of electrolytes. In Table 1, DLS and TRPS diameters are listed for
NMy»/CPy s polyplexes at N/P ratios 4, 5.5, 7.5 and 11.5.
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Table 1. Particle diameters of NMo.2/CPo.s polyplexes at N/P ratios 4, 5.5, 7.5 and 11.5 diluted 1X with electrolyte solution
(30 mM HEPES, 100 mM potassium chloride, 2 mM EDTA and 0.03% Tween®20) obtained by DLS and TRPS

measurements. (Data shown as mean =+ standard deviation, n=3).

DLS TRPS
N/P ratio (mean size + SD) (mean size + SD)
[nm] [nm]
4 158.00 £5.18 177.00 £15.56
5.5 133.37 +1.79 100.50 + 0.71
7.5 144.30 +1.76 164.00 +22.63
11.5 164.00 + 3.8 193.00 = 5.66

With both techniques, the smallest particles were measured at N/P 5.5 with 133.37 nm (DLS)
and 100.5 nm (TRPS). At N/P ratio 7.5 and 11.5 diameters increased further to 144.3 nm and
164.0 nm (DLS) and to 164.00 nm and 193.00 nm (TRPS). Particle sizes depending on used
N/P ratios followed the same trend as already described above, however, due to higher ionic
concentrations in the TRPS electrolyte solution, smallest particles and consequently most
efficient siRNA packing occurred at N/P 5.5 instead of N/P 4 as determined under standard
conditions in HEPES buffer. TRPS data displayed slightly higher mean diameters, but average
sizes as well as number-weighted distribution profiles are in acceptable agreement with DLS
data (Figure S9, Supplementary Material) as estimated for monodisperse size distributions,
proving successful protocol optimization. TRPS provides a promising technique for further
applications in the field of polymeric drug delivery, e.g., polyplex concentration analysis and,
is especially suitable for multiple population analysis, for protein corona experiments as well

as for payload release studies.

3.3.3 Polyplex morphology

STEM imaging revealed non-spherical structures, as known for dynamic systems such as
polyplexes [38]. The bright areas in the STEM images correspond to areas of larger electron
density which can be a matter of higher atomic number (Figure 3, area 1 (bright) and 2 (darker)
in red boxes). The analysis of the compositions of brighter and darker areas by EDX elemental
analysis revealed the presence of significant amounts of phosphorous and considerably lower
relative nitrogen content in area 1. The area-integrated EDX spectra indicate that bright signals
are enriched in phosphorous-containing siRNA and contain less polymer which is characterized

by a large number of amines and amides less prominent in the bright areas.
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Figure 3. STEM-ADF image of a typical polyplex and EDX spectra obtained from the red boxes (1) and (2). Both
spectra show carbon, nitrogen and oxygen as main constituents. Smaller amounts of sodium, chlorine, sulfur and
calcium can be detected due to residuals of the buffer solution. Importantly, a significant amount of phosphorous

can only be detected for area 1. In addition, the relative nitrogen content is considerably lower for area 1.

3.4 Quantification of Cellular Uptake by Flow Cytometry

As initial experiments indicated that Nylon-3 polymers are suitable for siRNA delivery
regarding siRNA encapsulation efficiency and physicochemical characteristics, the next step
was to investigate their ability to mediate internalization into glioblastoma cells depending on
structural characteristics. In this regard, cellular uptake of Alexa Fluor 488-labeled siRNA was
quantified by flow cytometry. As cellular internalization ability can be different depending on
utilized cell lines [41] a preliminary uptake experiment was conducted in H1299, in which
successful transfection has been previously shown [24] and in U87 cells in order to confirm
transfection abilities also in glioblastoma cells. As illustrated in Figure S10 (Supplementary
Material), median fluorescence intensity (MFI) measured in U87 cells eventuated in overall
lower MFI values, nonetheless showing the same trends regarding tested polymers and N/P
ratios. This result confirmed comparable cell entry mechanism of polyplexes in H1299 and U87
cells, however, indicated that U87 cells are generally harder to transfect. Based on these data,
incubation times of 24 h were chosen for further experiments in U87 cells. In addition, uptake
measurements at N/P ratios from 1 to 15 were conducted using protocols described above and
are exemplarily shown for NMy»/CPy s polymer (Figure S7, Supplementary Material) to verify
N/P 4 as the most suitable N/P ratio for NMo2/CPos. Fluorescence signals of cellular
internalized siRNA-AF488 increased for N/P ratios from 4 to 7.5 and decreased for N/P ratios
from 11.5 to 15. However, as significant uptake was already reached at N/P ratio 4, this N/P
ratio was identified as optimal and used for further experiments. In an analogous procedure N/P
ratio 4 and 5 for NMo.4/CPo.6 and DMy.4/CPg polymers were determined. Figure 4 shows the
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MFI of U87 cells transfected with polyplexes formulated with different polymers at the
preassigned N/P ratios for 24 h, in comparison to untreated cells and free siRNA treated cells

as negative controls and Lipofectamin 2000 (LF) lipoplexes treated cells as positive control.
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Figure 4. Cellular uptake of polyplexes (DMo.4/CPo.c polyplexes: N/P 5, NMo.4/CPo.c and NMo.2/CPo s polyplexes:
N/P 4) after 24 h incubation as quantified by flow cytometry performed with and without trypan quenching and
presented as median fluorescence intensity. Negative control: untreated cells and with free siRNA treated cells,
positive control: with Lipofectamin (LF) lipoplexes transfected cells. (Data points indicate mean + SD, n = 3, two-

way ANOVA with Bonferroni post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.005).

All polyplexes displayed significantly higher uptake compared to negative control as indicated
by the statistics in Figure 4, whereby signals of cells treated with NMo2/CPos polyplexes
(MFI =7536) were approximately four times higher than those of cells treated with
formulations containing higher amounts of cationic monomers (DMo4/CPo¢s polyplexes:
MFI = 2303, NMop4/CPos polyplexes: MFI=2098). Trypan blue quenching, that was
additionally performed in order to exclude extracellular fluorescent signals caused by cell
surface-bound siRNA, resulted in insignificantly lower MFI values for all tested polyplexes
indicating that inconsiderable amounts of polyplexes stuck to the outer cell membranes. Most
efficient siRNA delivery in glioblastoma cells was observed by the most hydrophobic
NM)»/CPy s polyplexes. Besides already described interactions of cationic polyplex structures
with anionic cell surface proteoglycans [42], we therefore suggest that also hydrophobic
interactions with lipid bilayers might play an important role in polyplex uptake procedure. As
recently described various hydrophobically modified polymers were used to enhance
transfection efficiencies at low cytotoxicity. For example oleic and stearic acid modified PEI
2kDa resulted in 3-fold increased siRNA delivery to B16 melanoma cells in comparison to
unmodified PEI [43] and triblock copolymeric systems of poly(amidoamine) (PAMAM)
dendrimers modified with PEG and dioleoylphosphatidyl ethanolamine (DOPE) displayed
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significantly higher uptake of siRNA in A549 cells [44]. These results strongly support our
findings where hydrophobization of polymers enhanced siRNA delivery to target cells even at
low N/P ratios. In general nanoparticles with a size range of 100-200 nm and slight positive
surface charges have been shown to achieve the best cellular uptake [45]. Altogether these
results indicate that due to accumulation of favorable properties especially NMo2/CPos

polyplexes exhibit great potential as siRNA delivery agent.

3.5 Route of cellular uptake

As the route of cellular uptake determines intracellular processing and subsequent transfection
efficiencies of delivery systems it is important to profile their cellular endocytotic pathways. It
was recently shown that lipoplexes are internalized solely by clathrin-mediated endocytosis,
whereas polyplexes are taken up both by clathrin-mediated and caveolae-mediated endocytosis.
However, it was also stated that only the caveolae-dependent route leads to successful
transfection due to lysosomal degradation of polyplexes and their payload after clathrin-
mediated cell entry [41]. To investigate the route of uptake of Nylon-3 polyplexes, we
performed a modified cellular uptake experiment with DM 4/CPo.6 and NMo.o/CPo s polyplexes.
In this regard, we incubated cells with different chemical uptake inhibitors (nystatin,
wortmannin, chlorpromazine and methyl-B-cyclodextrin) prior to transfection. Subsequently,
samples were treated as described above and subjected to flow cytometric measurements.
Nystatin is known to inhibit the internalization of caveolae and lipid rafts through depletion of
cholesterol in the cell membrane [46], wortmannin has been shown to block micropinocytosis,
which is discussed as an alternative endocytic pathway for polyplexes, chlorpromazine
suppresses clathrin-coated pit formation by reversible translocation of clathrin from the plasma
membrane to intracellular vesicles [47], and methyl-B- cyclodextrin inhibits cholesterol-
dependent clathrin-mediated glycolipids and is involved in lipid raft depletion [48]. Several
chemical inhibitors are described in the literature as substances with cell line dependent toxic
effects, leading to inaccurate experimental results. Therefore, applied concentrations needed to
be optimized. Herein cell viabilities of U87 cells at chosen inhibitor concentrations were
confirmed by trypan blue staining of dead cells after inhibitor incubation (Figure S11,
Supplementary Material). As shown in Figure 5 cellular uptake after inhibitor treatment is given

as a percentage of MFI related to uninhibited samples.
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Figure 5. Cellular uptake of polyplexes (DMo.4/CPos polyplexes: N/P ratio = 5 and NMo.2/CPos polyplexes: N/P
ratio = 4) after treatment with nystatin (10 pg/ml), wortmannin (12 ng/ml), chlorpromazine (10 pg/ml) and methyl-
B-cyclodextrin (M-B-CD) (3 mg/ml) as evaluated by flow cytometry and presented as MFI. (Results are shown as
mean * SD as percentage of median fluorescence intensity related to not inhibited samples, n = 3, two-way ANOVA

with Bonferroni post-hoc test, **p < 0.01, ***p < 0.005).

Wortmannin led to insignificant signal reduction, implying that micropinocytosis did not play
a considerable role in polyplex internalization. Using nystatin, chlorpromazine and methyl-B3-
cyclodextrin, the observed remaining signals in comparison to uninhibited polyplex uptake for
DMy .4/CPo6 were 86.17%, 23.77% and 54.80% and for NMo2/CPo s polyplexes 61.9%, 9.95%
and 12.03%, respectively. In summary, chlorpromazine and methyl-B-cyclodextrin most
strongly inhibited polyplex cellular uptake for both formulations, indicating both polyplexes
were predominantly internalized via cholesterol-dependent clathrin-mediated endocytosis and
only partially by caveolae-mediated endocytosis. However, due to stronger inhibitory effects
on NMj.o/CPo s polyplexes, we suggest that polyplexes with higher hydrophobic content share
more similarity with lipoplexes regarding their uptake route. As illustrated in Figure S11
(Supplementary Material), the inhibition treatment was well tolerated by the treated
glioblastoma cells. Taken together with the fact that MFI values insignificantly decreased after
performed trypan blue quenching as shown in Figure S12 (Supplementary Material), it was
concluded that the fluorescence decrease shown in Figure 5 was not a result from cellular
toxicity of the inhibitors but that it also represented mainly internalized siRNA rather than
polyplexes considerably accumulated on the cell surface. In line with our assumptions are
recently reported data which show that DOTAP lipoplexes are mainly taken up by clathrin-
mediated endocytosis, whereas PEI polyplexes no longer show transfection efficiency if
caveolae-mediated endocytosis is blocked [41]. Furthermore, Lu et al. recently suggested a

fusogenic mechanism between lipoplexes and cell membranes as depletion of cholesterol from
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the cell membrane prevented successful siRNA delivery[49]. In conclusion, clathrin-mediated
endocytosis and fusogenic uptake mechanisms as described for lipoplexes seems to play an

important role for amphiphilic polyplexes as well.

3.6 siRNA Release Assay

The stability of polyplexes, which is influenced by the presence of competing anions after
addition to serum containing cell culture medium or administration in vivo, is also an important
parameter to screen the potential efficiency of polymers as siRNA vectors [50]. Therefore,
release assays were performed to confirm the protection ability of Nylon-3 polymers for siRNA
in the presence of polyanions under physiologically relevant conditions (pH 7.4). Moreover, as
free siRNA present in the cytoplasm is a prerequisite to induce the RNA1 machinery, siRNA
release ability under acidic conditions (pH 4.5), mimicking the endosomal compartment, was
determined also. As illustrated in Figure 6A siRNA displacement at pH 7.4 from DMy .4/CPy
polyplexes was observed at low heparin concentrations and reached maximum release of
approximately 60% as of 0.455 USP units heparin per well. NMo.2»/CPo s polyplexes displayed
a comparable release profile upon addition of 0.455 USP units per well and more. NMo.4/CPo.6
polyplexes demonstrated to be the most stable complexes, as only up to 30.5% nucleic acid was
displaced when the maximum amount of heparin was added. This observation goes in line with
our suggestion that missing methyl groups in NM subunits lead to both, more hydrophilic
character and lack of steric hindrance, and finally to stronger interactions with siRNA
molecules. NMo.4/CPos polymer contains highest amount of NM subunits and most strongly
condenses siRNA at pH 7.4. Consequently, just a small amount of siRNA molecules could be
replaced by competing heparin anions. From NMy2/CPgs polyplexes siRNA was more easily
replaced mostly due to lower charge density within the polymer. Methyl groups present in
DMy 4/CPy ¢ polymers sterically hinders complex formation with siRNA leading to more loosely
assembled polyplexes and consequently to highest siRNA release after heparin addition.
Furthermore, we assume that the effect of the dimethyl group in DM subunit on the pKa value
for primary amines present in NM and DM subunit is negligible. We expect that same amount
of primary amines is protonated in DM as well as in NM subunit at pH 7.4 and therefore that
obtained differences in siRNA release profiles are not influenced by grade of protonation but

can be mainly explained by sterically hindrance mechanisms during polyplex formation.
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Figure 6. Release profiles of siRNA from DMo.4/CPos polyplexes at N/P 5 and NMo.4/CPos and NMo.2/CPos
polyplexes at N/P 4 as a function of heparin concentration (0.0 - 1.0 USP heparin per well) at pH (A) 7.4 and (B)

4.5. (Data points indicate mean normalized fluorescence, n = 3).

Under acidic conditions, as illustrated in Figure 6B and in accordance with our former
observations, siRNA was very easily released from DMy .4/CPo¢ polyplexes reaching almost
100% release already at low heparin concentrations of 0.269 USP units heparin per well.
NM).4/CPo.6 and NMy2/CPo s showed similar release profiles by reaching siRNA displacement
of approximately 87% when using the highest heparin concentration of 1.000 USP units per
well indicating appropriate payload release abilities. SIRNA release at lower pH values might
occur through charge repulsion after amine protonation leading to complex destabilization [51].
These data indicate that especially NMo.4/CPg 6 polyplexes provide a stable system in circulation
and that all polyplexes are able to efficiently release their payload in presence of competing
anions at low pH upon being endocytosed. As described in literature PEI25kDa polyplexes
release about 20% of siRNA at N/P 5 under physiological conditions when treated with heparin
concentrations as low as 0.1 international units [36]. In comparison to Nylon-3 polyplexes they
represent a system that only relies on the presence of high charge density. Under acidic
conditions PEI25kDa polyplexes were described to release up to 50% of siRNA. Due to
protonation of amines in the endosomal compartment it was hypothesized that the high amount
of positive charges within the polymer may on the one hand lead to electrostatic repulsion,
complex destabilization and endosomal escape [52]. One the other hand it is possible that said
electrostatic repulsion causes sponge-like loose complex association but strong charge-charge
interaction in specific complex areas which may be too strong for payload release. However,
release of siRNA is a prerequisite for incorporation into the RN Ai machinery and consequently
therapeutic effects. In contrast, it was furthermore described that polymers containing
hydrophobic functionalities, e.g., triazine dendrimers modified with alkyl chains, showed
increased stability against heparin displacement under physiological conditions in comparison
to PEI25kDa [53]. This shows very well that amphiphilic polymers interact with siRNA also

based on hydrophobic interactions which are not affected by competing anions such as heparin.
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This is especially true for NMo/CPog polyplexes which show comparably high stability in

particular in an acidic environment despite rather low cationic content.

3.7 In vitro eGFP Knockdown

To further evaluate gene silencing efficiency of NMy.»/CPo s polyplexes on the protein level, we
utilized H1299/eGFP cells that stably express the ‘enhanced green fluorescent protein’ reporter
gene (eGFP). H1299/eGFP cells were transfected with NMo.2/CPo s polyplexes formulated with
siRNA against eGFP (siGFP) or with scrambled siRNA (siNC) as negative control. As positive
control Lipofectamin (LF) 2000 lipoplexes were used. Additionally, cells were treated with the
endosomolytic drug chloroquine that is able to increase the endosomal release of siRNA in
order to investigate whether poor knockdown efficiencies may be caused by endosomal
entrapment of polyplexes [50]. After treatment, the median fluorescence intensity of eGFP in
each sample was quantified via flow cytometry. As seen in Figure 7, lipoplexes and NMy »/CPy s
polyplexes achieved a significant silencing effect even without chloroquine treatment

indicating endogenous endosomal escape capacity of at least parts of the siRNA.
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Figure 7. eGFP knockdown of NMo.2/CPos polyplexes in human non-small cell lung carcinoma cells expressing
eGFP (H1299/eGFP) quantified by flow cytometry as median fluorescence intensity (MFI) of eGFP after
transfection with polyplexes at N/P 4 with eGFP siRNA or scrambled control siRNA (siNC) for 48 h with and
without chloroquine treatment. Blank samples consisted of H1299/eGFP untreated cells. The positive control
consisted of Lipofectamin (LF) 2000 lipoplexes formulated with eGFP siRNA or scrambled control siRNA with
and without chloroquine treatment. (Data points indicate mean + SD, n = 3, two-way ANOVA with Bonferroni

post-hoc test, **p < 0.01, ***p < 0.005).

However, the use of chloroquine increased the silencing effect for NM2/CPog polyplexes
tremendously, implying that endosomal entrapment of polyplexes hampers their full effect.
Furthermore, NMy.»/CPos polyplexes and LF lipoplexes containing scrambled control siRNA
did not reduce the MFI of eGFP, indicating that the observed protein knockdown was not

46



Chapter 1T

mediated by the polymer system or any non-specific effects, but was RNAi mediated by eGFP
siRNA delivered into the cytoplasm. It can be suggested that parts of the siRNA were able to
escape the endosome and were released into the cytoplasm. A potential endosomal membrane
rupture caused by Nylon-3 polyplexes might have a beneficial effect regarding endosomal
escape ability. As recently described in literature, endosome disruption can be caused by
cationic as well as hydrophobic moieties of polymeric nanoparticles, both present in Nylon-3
polymers [54]. Transbilayer flip-flop of negatively charged phospholipids from the
cytoplasmatic leaflet to the luminal leaflet of the endosome was suggested to result in the
formation of charge-neutral ion pairs for cationic-hydrophobic based delivery systems. Thereby
weakening of the electrostatic interactions between siRNA and cationic charges can cause a
release of the siRNA from the complexes [54]. Furthermore, destabilization of the endosomal
membrane caused by direct interactions with hydrophobic domains in the polyplexes may help
to release payload into the cytoplasm [55]. Altogether, the results shown here demonstrated
knockdown ability of eGFP siRNA delivered by NMo2/CPos polyplexes, endosomal
entrapment remains to be the major bottleneck to achieve efficient knockdown as described
elsewhere [56]. Therefore, we suggest that, in comparison to PEI, buffering capacities of Nylon-
3 polymers were not sufficient to enable similar escape of the endosomal compartment as
known for PEI formulations. This drawback can be addressed in future approaches by precise
optimization of polymer compositions. To test the nanocarriers for glioblastoma treatment in
an in vivo setting in the future it needs also to be considered that formulations have to be able
to overcome the blood brain barrier. The ability to overcome this important barrier will be

currently assessed in a blood-brain barrier in vitro model.

3.8 Cytotoxicity

3.8.1 MTT Assay

One major drawback of cationic delivery systems is toxicity caused by high positive charge
densities, which leads to cellular loss of outer membrane integrity and pore formation [15]. To
test cytotoxicity of free polymer and polyplexes, MTT assays were conducted with U87 cells
that had been incubated for 24, 48 and 72 h with free polymers at two concentrations (5 and
20 pug/ml per well) and polyplex formulations at two different N/P ratios. Thereby, lower
concentration and N/P ratio represented treatment relevant conditions in in vifro experiments.
Strongest toxic effect for all polymers and polyplexes was observed after 48 h treatments,
indicating that cells were able to recover after an incubation period of 72 h (Figure 8). Both

concentrations tested for free polymers led to similar toxicity profiles. DMo4/CPo¢ polymer

47



Hydrophobically Modified Polymers for siRNA Delivery to Glioblastoma Cells

demonstrated the highest negative influence on cell viability with survival rates of 70%,
followed by NMy.2/CPy.g polymer with 78.8% and NMy.4/CPo.¢ polymer showing 100% viability
after 48 h incubation time (Figure 8 A). In comparison to free polymers, polymer-siRNA
complexes were overall better tolerated due to, as suggested, a shielding effect of positive

charges after complexation with siRNA molecules (Figure 8B) [57].
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Figure 8. Cell viability as determined by MTT assay for free polymers with concentrations of 5 and 20 ug/ml per
well (A) and formulated polyplexes at suitable N/P ratios (B) after incubation periods of 24, 48 and 72 h. (Results
are shown as mean + SD as percentage of viable cells in comparison to untreated cells representing 100% viability,

n = 3).

At lower N/P ratios polyplexes demonstrated no significant toxic effects. In line with results
for free polymers, DMo4/CPo¢ polyplexes at N/P 15 caused the strongest toxic effect with
approximately 70% survival rates after incubation periods of 24 and 48 h. NMo4/CPo¢ and
NMo.2/CPos polyplexes displayed survival rates of 77.4% and 98.8% after 48 h incubation,
respectively. In conclusion, acceptable cell compatibility for U87 cells could be confirmed for
all free polymers as well as for all polyplexes. Free polymers with a maximum cationic content
of 40% and polyplexes formulated from them demonstrated suitable toxicity profiles in U87
cells. An already published set of Nylon-3 polymers [24] showed cell viabilities ranging from
60 to 95% after 24 h incubation at concentrations of 20 ug/ml. PEI25kDa showed significant
cellular toxicity (less than 50% cell viability) even at low concentrations of 5 pg/ml of the
polymer [24]. Importantly, all Nylon-3 polymers were less toxic than broadly used high
molecular weight PEI. Furthermore, this observation is especially important for future in vivo
experiments as it demonstrates that our delivery systems are well tolerated even after potential
internalization into healthy cells of the brain tissue. Moreover, to avoid side effects in healthy
cells, a promising strategy is the use of therapeutic siRNA that target genes only present in
tumor cells, e.g mutated growth factor receptor genes. In line with our assumptions toxicity of
Nylon-3 polymers could be further reduced by optimizing the content of cationic subunits

within the polymer chains, however, in future designs a critical balance should be considered
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between cationic charge density for siRNA complexation and adjustments that decrease

polymer toxicity.

3.8.2 LDH Assay

We utilized lactate dehydrogenase (LDH) assays to focus additionally on cytotoxicity caused
by loss of membrane integrity. Measurements were performed with free polymers and
polyplexes in U87 cells after 24, 48 and 72 h of incubation times. Percentage of LDH release
for each sample was calculated in comparison to the signal of positive control cells treated with
lysis buffer (100% LDH release). No considerable influence on LDH release could be found

after free polymer or polyplex treatment (Figure 9).

A B 100
1281 [7] wm 24n 501 [ == 24n
25 = 48h 35 == 48h
B3 3 72h ®* g 72h |
$ 20 3 positive control 2 20 positive control
©
3 Q
] -
g 15 g 5
T
T 10
g " 3
5
5
0 /ml ¢ 5 15 4 15 4 115 N/P ratio
5 20 5 20 5 20 clug/mi) - ;

DM,4/CPos  NMg4s/CPgs  NM,o/CPog

DM, 4/CPy ¢ NM,4/CPgs  NMg,/CPgg

Figure 9. Cell membrane integrity determined by LDH assay for free polymers with concentrations of 5 and
20 pg/ml per well (A) and formulated polyplexes at suitable N/P ratios (B) with incubation periods of 24, 48 and
72 h. (Results are shown as mean + SD as percentage of LDH release in comparison to blank cells treated with lysis

buffer representing 100% LDH release, n = 3).

The strongest effect on membrane integrity was demonstrated after treatment with NMo.4/CPo 6
polymers (¢ =5 pug/ml, t=72h) and DM.4/CPo¢ polyplexes (N/P ratio 15, t="72h) with 4%
LDH release. Summing up, these data show that neither free polymers nor polyplexes
formulated with siRNA are expected to have a noticeable effect on membrane stability.
Altogether these results demonstrated that all formulations are well tolerated by the cellular

membranes.

3.9 Confocal Laser Scanning Microscopy

3.9.1 In vitro eGFP Knockdown

In order to visualize eGFP knockdown ability of NMy»/CPg s polyplexes we performed confocal
microscopy experiments. H1299/eGFP cells were transfected with polyplexes formulated with
siRNA against eGFP (siGFP) or with scrambled siRNA (siNC) as negative control. As positive
control Lipofectamin (LF) 2000 lipoplexes were used. As illustrated in Figure 10 lipoplexes as

well as polyplexes achieved a decrease in eGFP fluorescence in comparison to negative control
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samples. In line with the observations from in vitro eGFP knockdown experiments, confocal
images verified partly endogenous endosomal escape capacity even without using chloroquine

as cell organelle disruption agent.

DAPI GFP Merge

LF siNC untreated

LF siGFP

NM,,/CP,; siNC

NM,,/CP, siGFP

Figure 10. Confocal images after treatment of H1299/eGFP cells with NMO0.2/CP0.8 polyplexes and Lipofectamin
2000 (LF) lipoplexes formulated with siGFP or siNC as negative control and staining with DAPIL. eGFP

fluorescence is shown in green, DAPI signal is shown in blue and depicts cell nuclei.
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3.9.2 Endosomal entrapment

The endosomal compartment represents a substantial barrier to successful cytosolic siRNA
delivery and plays a significant role for most polyplex-based siRNA delivery systems [58].
Once polyplexes are internalized into cells via endocytotic pathways, the release of the siRNA
from the endosomal compartment is a crucial prerequisite for undergoing the RNAi machinery
taking place in the cytoplasm. In order to further investigate cellular distribution of polyplexes,
NMo.2/CPos polyplexes were formulated with Alexa Fluor 647 labeled siRNA (shown in red).
We performed a series of confocal microscopy experiments after transfection with NMo»/CPo
polyplexes at N/P 4 for 24 h and staining of acidic cell organelles such as endosomes and
lysosomes with Lysotracker red™ dnd 99 (shown in yellow) and of cell nuclei with DAPI
(shown in blue) utilizing Alexa Fluor 647 labelled siRNA for transfection with NMo2/CPos
polyplexes at N/P 4 for 24 h (shown in red). Samples treated with endosomolytic drug
chloroquine were included as positive controls. Figure 11 illustrates resulting subcellular
distribution profiles for NMo2/CPos polyplexes and Lipofectamin (LF) 2000 lipoplexes as
positive control with and without chloroquine treatment. Both formulations exhibited cell
internalization with rather punctuated distribution and showed colocalization with lysotracker
signal indicating localization in endo- and lysosomes. Chloroquine treatment and thus
disruption of endosomal membranes in positive control cells resulted in a more even
distribution of AF647 labeled siRNA in the cytoplasm due to facilitated endosomal escape of
siRNA. These observations were consistent with our previous experiments in which
NM)»/CPy s polyplexes demonstrated significant cellular uptake, successful knockdown ability
but also entrapment in endosomal compartments. Future approaches may focus on polymer

modification to address the bottleneck of endosomal entrapment.
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Figure 11. Confocal images after treatment of H1299 cells with Lipofectamin (LF) 2000 lipoplexes and
NMo.2/CPo s polyplexes formulated with AF647 labeled siRNA (shown in red) and staining with Lysotracker red™
dnd 99 (representing lysosomes, shown in yellow) and DAPI (staining cell nuclei, shown in blue). Experiment was

performed without (chloroquine -) and with chloroquine (chloroquine +) treatment.
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4. Conclusion

Many cationic polymers exhibit great potential for siRNA delivery though demonstrating high
cytotoxicity, relatively low transfection efficiencies and poor biocompatibility profiles. Herein,
we presented the synthesis and application of Nylon-3 copolymers, consisting of hydrophobic
and cationic moieties, for the encapsulation and in vitro delivery of siRNA to glioblastoma
cells. Hydrophobic subunits within the polymer are derived from [ - lactam monomer CP and
cationic subunits either from B-lactam monomer DM or NM. DM .4/CPg6, NMo4/CPo6 and
NM)»/CPy s polymers were designed to study the impact of the ratio between the hydrophobic
and cationic subunit as well as of the use of different cationic monomers. Efficient siRNA
condensation was demonstrated for all tested polymers even at comparably low polymer
concentrations. Regarding zeta potentials and uptake ability of polyplexes, optimal N/P ratios
of 5 for DM .4/CPy ¢ and 4 for NM/CP were investigated. Assembly of polyplexes with optimal
polymer amount led to particles with hydrodynamic diameters of < 250 nm and slightly positive
surface charges, whereby NMy.2/CPo.s polymer formed the smallest particles at approximately
100 nm with narrow size distributions (PDI < 0.2). TRPS was established as a suitable method
for polyplex size distribution analysis and provided results which were in acceptable agreement
with DLS data. The method can be further investigated to enable polyplex concentration
measurements in the future. In a modified SYBR Gold assay, NMy .4/CPy ¢ displayed most stable
complexes under physiological conditions leading to the assumption that NM subunits interact
more strongly with siRNA molecules than DM subunits. Nevertheless, all polyplexes were able
to release acceptable amounts of siRNA under acidic conditions, mimicking endosomal
compartment conditions. Cellular uptake experiments, conducted by flow cytometry, exhibited
higher internalization abilities of NMo2/CPog polyplexes in comparison to DM.4/CPos and
NM).4/CPy6 polyplexes. By using specific uptake inhibitors, it was confirmed that NMo2/CPog
polyplexes follow endocytic uptake pathways similar to lipid nanocarriers, more precisely
clathrin- and lipid-raft-mediated endocytosis. Therefore, it appears that higher hydrophobic
content has a beneficial effect on the internalization ability. Knockdown experiments showed
that NMy.o/CPo s polyplexes were able to slightly reduce protein expression in the cytoplasm,
but also that siRNA stayed predominantly entrapped in the endosome. In conclusion, the
polymer composition indeed had an effect on various crucial properties of the polyplexes,
whereas NMy.2/CPo.s with highest hydrophobic content exhibited most favorable characteristics.
This led to excellent transfection efficiencies and successful gene knockdown in glioblastoma

cells. Taken together with minimal cytotoxic effects, Nylon-3 polymers were demonstrated to
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be a promising type of siRNA delivery agents for future approaches. Due to the simple synthesis
and structure versatility of Nylon-3 polymers, which have a similar backbone to biocompatible
and biodegradable peptides, adjustments regarding chemical and physical properties are easily
available to enhance characteristics for further improvements as siRNA delivery agents. It was
proved that hydrophobically modification of cationic polymers in general is a suitable tool to
design drug delivery systems with enhanced cellular internalization abilities at low toxicity;
however, buffering capacities of our set of polymers were not sufficient to enable escape of the
endosomal compartment. This critical point can be addressed in future approaches by precise
adjustment of polymer compositions. Ongoing work currently also focuses on including, e.g.,
stimulus-responsive monomers in the optimized polymer to overcome the major hurdle of

endosomal release.
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Supplementary Material

1. Polymer synthesis and characterization
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Figure S1. Synthesis of TFA-salt of Nylon-3 polymer DMo.4/CPos in presence of a co-initiator I and a base LIHMDS. DM =
dimethyl, CP = cyclopentyl, R = side chain groups of DM or CP. Adapted from [1].
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Figure S2. Synthesis of TFA-salts of gene delivery Nylon-3 polymers (NM/CP) in presence of a co-initiator II and a
base LIHMDS. R = side chain groups of NM or CP. Adapted from [2].
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Figure S3. GPC chromatograph of Boc-protected HS-[(Boc-DM)0.4CPo.6]26s copolymer measured with light-scattering

(red) and refractive index (blue) detectors, mobile phase: THF.
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Figure S5.'H-NMR spectrum in D20 of unprotected NMo.4/CPo.s polymer measured in D20 (500 MHz, 126 scans).
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Figure S6."H-NMR spectrum of unprotected NMo.2/CPo g polymer measured in D20 (500 MHz, 126 scans).

2. Polyplex characterization

2.1 N/P ratio optimization
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Figure S7. (A) Hydrodynamic diameters investigated by DLS (left y-axis) and polydispersity indices (PDI, right y-axis),
(B) zeta potentials measured by LDA and (C) MFIs of NMo.2/CPos cells treated with respective polyplexes determined

by flow cytometry. (Data points indicate mean + SD, n = 3).

2.2 Size measurements by TRPS
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Figure S8. (A) siRNA encapsulation profiles of NMo.2/CPo.s polyplexes prepared in 10 mM HEPES buffer at N/P 4 and
1X diluted with either 10 mM HEPES buffer or TRPS electrolyte solution (30 mM HEPES, 100 mM potassium chloride,
2 mM EDTA and 0.03% Tween®20). 100% values (N/P = 0) are determined by fluorescence of uncondensed siRNA.
(Data points indicate mean, n = 3). (B) DLS measurements of NMo.2/CPo s polyplexes prepared in 10 mM HEPES buffer
at N/P 4 and 1X diluted with either 10 mM HEPES buffer or TRPS electrolyte solution, measured after 10 and 60 min

incubation period (Data points indicate mean + SD, n = 3).
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Figure S9. Number-weighted size distributions of NMo.2/CPo.s polyplexes at N/P ratios 5, 5.5, 7.5 and 11.5. 1:1 diluted
with electrolyte solution and measured by DLS and TRPS, respectively.

3. Quantification of cellular Uptake
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Figure S10. Cellular uptake of polyplexes performed at various N/P ratios in (A) H1299 cells and (B) U87 cells after 5
h incubation as determined by flow cytometry presented as median fluorescence intensity. Negative control: untreated
cells and cells treated with free siRNA, positive control: cells transfected with Lipofectamin (LF) lipoplexes. (Data points

indicate mean + SD, n = 3, two-way ANOVA with Bonferroni post-hoc test, ***p < 0.005).
4. Route of cellular Uptake
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Figure S11. U87 cell viabilities after treatment with nystatin (10 ug/ml), wortmannin (12ng/ml), chlorpromazine
(10 pg/ml) and methyl-beta-cyclodextrin (3 mg/ml); determined by trypan blue staining. Number of living and dead cells

was counted in a Neubauer chamber using an Axio Vert.Al microscope. The percentage of viable cells was calculated.

(Results are given as mean + SD, n = 3).
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Figure S12. Cellular uptake of polyplexes (DMo.4/CPo.s polyplexes: N/P ratio=5 and NMo.2/CPos polyplexes: N/P
ratio = 4) after treatment with nystatin (10 ug/ml), wortmannin (12 ng/ml), chlorpromazine (10 pg/ml) and methyl-p-
cyclodextrin (M--CD) (3 mg/ml) conducted with and without trypan quenching as evaluated by flow cytometry and
presented as MFI. (Results are shown as mean + SD as percentage of median fluorescence intensity related to not

inhibited samples, n = 3).
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Abstract

To this day Glioblastoma multiforme is one of the deadliest cancer types known due to poor
prognosis and the lack of therapies. Small interfering RNA (siRNA) has shown high potential
in offering a new therapeutic approach in cancer treatment by the downregulation of disease-
related genes via RNA interference (RNAi). However, in the human body siRNA is quickly
degraded, and passive uptake in target cells is limited. For this reason, research in carrier
systems for siRNA has caught a lot of attention. Especially cationic polymers provide suitable
characteristics for siRNA delivery and have been used often in preclinical studies. They can
protect siRNA from any degrading influences by forming polyplexes due to the electrostatic
interactions between negative and positive charges of siRNA and polymer, respectively. A
disadvantage of this approach is that the high cationic charge densities which are needed for
successful cell transfection are known to induce cytotoxicity. To address this problem,
endogenous cationic molecules, such as spermine, were investigated as promising
biocompatible cationic siRNA carrier systems. To overcome the hurdle of limited cell
transfection success by low molecular weight molecules we synthesized various spermine-
based poly(acrylamides) with different molecular weights and varying hydrophobicity to
evaluate their physicochemical characteristics, cell tolerability and their cellular internalization
and gene knockdown ability in glioblastoma cells depending on their microstructures.
Poly(spermine acrylamides) displayed minimal cytotoxic effects in comparison to transfection
standards such as polyethylenimine and Lipofectamine 2000, as well as appropriate particle
sizes and efficient siRNA encapsulation and release abilities. Polyplexes prepared with
hydrophobic modified polymers showed enhanced uptake and gene-silencing efficiency among
the poly(spermine acrylamides) tested and therefore especially provide a promising group of
delivery agents for highly efficient intracellular siRNA delivery for the potential treatment of

glioblastoma.
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1. Introduction

Glioblastoma multiforme (GBM) is the most common devastating type of primary malignant
tumor of the central nervous system. [1]. Current standard treatment includes surgical resection
and radiation combined with temozolomide chemotherapy as aftercare. As additional approach
the monoclonal antibody bevacizumab was approved by the FDA and Swissmedic, which
inhibits the vascular endothelial growth factor (VEGF), an important factor for tumor growth
and supply [2]. Approved therapies show only limited efficiency so that the average survival
rate is only 15 months [3]. The development of gene therapy approaches for treatment of glioma
related genes might therefore be of great potential. RNA interference (RNAi), a post-
transcriptional gene-silencing mechanism, for example, has been rapidly progressed from basic
research to clinical trials. Small interfering RNA (siRNA) is an intermediate in the RNAI
process and comprises double stranded RNA of 21 — 25 nucleotides in length. siRNA can be
used to achieve RNAi and to downregulate overexpressed genes [4, 5]. The primary challenge
of siRNA therapeutics, however, is the hurdle of intracellular delivery. In most cases of siRNA
delivery, limitations in the application of naked siRNA caused by rapid degradation, immune
response, and low passive cell uptake [6] are bypassed by using suitable delivery systems to
encapsulate the nucleic acids by electrostatic interactions in order to shield them from the
environment and to assist cellular internalization. Several non-viral delivery strategies for
siRNA molecules such as liposomes and especially cationic polymeric systems have been
extensively investigated [7]. However, the main hurdle of high cellular toxicity due to high
positive charge density and the poor transfection efficiencies of cationic nucleic acid carriers,
as especially investigated for polyethylenimine (PEI) based materials, still remains [8].
Therefore, intensive research is being carried out to find suitable cationic polymeric materials
for nucleic acid transport with appropriate transfection efficiencies on the one hand but also
biodegradability and thus fewer toxic effects on the other. As endogenous spermines are safe,
naturally occurring, small, linear tetraamines with two primary and two secondary amines, they
are promising candidates for nucleic acid carrier agents. In the body, spermine aids in packaging
cellular DNA into compact state, which is essential in cell growth processes in eukaryotic cells
[9, 10]. Due to its low molecular weight, naturally occurring spermine is not able to encapsulate
siRNA and to transfect cells efficiently. Therefore, it is necessary to modify the spermine units
to increase their molecular weight. One way of creating higher molecular weight spermine-
containing substances is conjugation of monoprotected bis-boc spermine with various reactive

linkers to obtain respective oligospermines as already described in literature [11]. As it was
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shown for phospholipid-modified PEI [12] that hydrophobic modifications of cationic polymers
can lead to improved performances as siRNA carrier coupled with considerably decreased
cytotoxicity [13], we manufactured a set of poly(spermine acrylamides) (P(SpAA)) of
homopolymers with different molecular weights and copolymers with varying amounts of
hydrophobic modifications of decylacrylamide subunits to examine the influence on the
performance as an siRNA delivery agent for glioblastoma cells depending on the polymer’s
microstructure. Herein, we synthesized poly(spermine acrylamide) homo- and copolymers via
free-radical polymerization (FRP) using azobisisobutyronitrile (AIBN) as a radical starter.
These cationic polymers were used to condense siRNA molecules and resulting siRNA-
polymer complexes (polyplexes) were characterized regarding their physicochemical
characteristics such as siRNA encapsulation and release ability, particle size and surface charge.
Furthermore, cell tolerability was examined by MTT assays, cellular internalization ability by
flow cytometry and gene knockdown efficiency was assessed by qRT-PCR. Based on these
findings, especially poly(spermine acrylamides) with hydrophobic moieties provides optimal
properties regarding particle characteristics, excellent transfection efficiencies and successful

gene knockdown in glioblastoma cells with minimal toxic effects.

2. Materials and Methods

2.1 Materials

HEPES (4-(2-hydroxyethyl)-1-piperazineethansulfonic acid), sodium acetate, sodium
hydrogen carbonate, thiazolyl blue tetrazolium bromide (MTT), Ethylenediaminetetraacetic
acid (EDTA), heparin sodium salt, for cell culture U87 cells (human glioblastoma astrocytoma),
Eagle’s Minimum Essential Medium (EMEM), Dulbecco’s Phosphate Buffered Saline (PBS),
trypsin-EDTA solution 0.25%, fetal bovine serum (FBS), dimethyl sulfoxide (DMSO), dried
DMSO, branched polyethyleneimine (PEI) 10 kDa, and Penicillin-Streptomycin solution were
purchased from Sigma-Aldrich (Taufkirchen, Germany). SYBR Gold dye, Lipofectamine 2000
transfection reagent, AlexaFluor488 (AF488) were purchased from Life Technologies
(Carlsbad, Ca, USA). HyClone trypan blue solution 0.4% in phosphate-buffered saline was
purchased from FisherScientific (Hampton, NH, USA). PureLink™ RNA Mini Kit, high
capacity cDNA synthesis kit and powerSYBR green PCR master mix were purchased from
Thermofisher Scientific (Waltham, MA, USA), QuantiTect® primer assays Hs_ GAPDH_1_SG
and Hs_ACTB_2_SG were purchased from Qiagen (Venlo, Netherlands). Amine-modified
eGFP siRNA (5-pACCCUGAAGUUCAUCUGCACCACcg, 3°-
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ACUGGGACUUCAAGUAGACGGGUGGC), human glyceraldehyde-3-phosphate-
dehydrogenase (GAPDH) siRNA (5"-pGGUCGGAGUCAACGGAUUUGGUCgt, 3°-
UUCCAGCCUCAGUUGCCUAAA-CCAGCA) and scrambled siRNA (5°-

pCGUUAAUCGCGUAUAAUACGCGUat, 3’-

(%4 b

Technologies (Leuven, Belgium). Modified nucleotides are indicated as follows: “’p’” denotes
a phosphate residue, lower case letters are 2°-deoxyribonucleotides, capital letters are

ribonucleotides, and underlined capital letters are 2°-O-methyribonucleotides.

2.2 Synthesis and characterization of Homo- and Copolymers

The synthesis of poly(spermine acrylamide) homo- and copolymers was performed as
illustrated in Scheme 1 according to procedures previously described in literature [14]. In brief,
the monomers N-acryloxysuccinimide (NAS) and N-decylacrylamide (DAA) were synthesized
starting from acryloyl chloride, triethylamine and N-hydroxysuccinimide or N-decylamine,
respectively, using modified literature procedures [15, 16]. To use spermine as a functional
molecule, tri-boc spermine (TBSp), protected with three boc-protection groups and with only
one reactive primary amine was synthesized using orthogonal protection group chemistry in an
adapted literature procedure [17]. FRP was performed with AIBN and N-acryloxysuccinimide
(NAS) in toluene with varying ratios of AIBN to obtain different poly(N-acryloxysuccinimide)
(P(NAS)) homopolymers. Structure and purity of the (P(NAS) 1 — 3) polymers were analyzed
via NMR spectroscopy in DMSO according to protocols described elsewhere [14] (Figure S1,
Supplementary Material). The number-averaged molecular weight (Mn) and polydispersity (D)
of the (P(NAS) 1 — 3) polymers were determined via size-exclusion chromatography (SEC) in
dimethylformamide (DMF) (Figure S12-S13, Supplementary Material) relative to polystyrene
standards as depicted in Table S1. Additionally, copolymers (P(NAS-co-DAA)1-2) with
varying ratios of NAS and DAA were synthesized via FRP by simply modulating the monomer
feed and subsequently analyzed by SEC (Figure S14-S15, Table S1, Supplementary Material)
and NMR (Figure S2-S3, Supplementary Material). Post-polymerization functionalization of
P(NAS) and P(NAS-co-DAA) polymers was performed by reacting TBSp with the respective
polymer at 40°C in DMF. Reaction products poly(tri-boc spermine acrylamide) (P(TBSpAA)
1-3) and poly(tri-boc spermine acrylamide-co-N-decylacrylamide) (P(TBSpAA-co-DAA) 1-2)
were again evaluated using SEC (Figure S16-S19, Table S1, Supplementary Material) and
NMR analysis methods (Figure S4-S6, Supplementary Material). To remove Boc-protection
groups, tri-fluoroacetic acid (TFA) was added generating poly(spermine acrylamide) (P(SpAA)
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1-3) and poly(spermine acrylamide-co-N-decylacrylamide) (P(SpAA-co-DAA) 1-2) TFA salts.
Deprotected polymers were analyzed by 'H-NMR in D,O as shown in Figure S7-S11
(Supplementary Material). A final cationic to hydrophobic ratio (SpAA:DAA) of 90:10 and
75:25 was obtained as determined via 'H-NMR spectra for P(SpAA-co-DAA) 1 and 2,

respectively.
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Scheme 1. Synthesis of poly(spermine acrylamide) (P(SpAA)) and poly(spermine acrylamide-co-N-

decylacrylamide) (P(SpAA-co-DAA) via radical (co)polymerization of N-Acryloxysuccinimide (NAS) and N-

Decylacrylamide (DAA), followed by post-polymerization with tri-boc spermine and deprotection using

trifluoroacetic acid (TFA).
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An overview of the P(SpAA) (1a-c) and P(SpAA-co-DAA) (2a, 2b) polymers finally utilized
in this study is depicted in Table 1.

Table 1. Overview of P(SpAA) and P(SpAA-co-DAA) polymers used in this study.

Number of repeating units | SpAA/DAA
[mol%]*
n m i=ntm
Homopolymers P(SpAA)
la P(SpAA),e5 268 0 100/0
1b P(SpAA);,, 327 0 100/0
lc P(SpAA)4s 485 0 100/0
Copolymers P(SpAA-co-DAA)
2a P(SpAA,o/DAA )46 415 46 | 461 90/10
2b P(SpAA, ;5/DAA 55506 | 395 131 | 526 75/25

n = number of cationic subunits SpAA, m = number of hydrophobic subunits DAA, i = (n + m) number of total

repeating units, *Ratio between SpAA/DAA calculated via '"H-NMR spectroscopy (see supporting material).

2.3 Preparation of polyplexes

Aqueous polymer stock solutions were prepared by diluting predetermined amounts of
lyophilized polymer in deionized water. The polymer stock solutions were then diluted with
freshly filtered 10 mM HEPES buffer (pH 7.2) to precalculated concentrations and combined
with defined amounts of siRNA in a microcentrifuge tube to obtain polyplexes at various N/P
ratios and incubated for 30 min to enable stable polyplex formation. The N/P ratio is defined as
the molar ratio between the polymer amine groups (N) and the siRNA phosphate groups (P).
The amount of polymer needed to obtain different N/P ratios was calculated according to the

following equation:

m (polymer in pg) = n siRNA (pmol) x M protonable unit (g/mol) x N/P x number of
nucleotides siRNA

The protonable unit of the homopolymers was calculated by dividing the mass of the repeating
unit by the number of protonable primary and secondary amines present in the polymer (Scheme
2, A). The protonable unit of the different copolymers was calculated by using the ratio of the
two repeating units and the number of protonable primary and secondary amines present in the
polymer (Scheme 2, B). Branched PEI (10kDa) has a protonable unit of 43.1 g/mol. The number
of nucleotides of 25/27mer siRNA is set to 52.
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Scheme 2. TFA salts of poly(spermine acrylamide) (P(SpAA)) homo- (A) and poly(spermine acrylamide-co-
decylacrylamide) (P(SpAA-co-DAA)) copolymers (B), Ma: number-averaged molecular weight of polymer subunits

n or m, Mx (protonable unit): molecular weight of protonable units.

2.4 siRNA encapsulation by SYBR Gold Assay

The SYBR Gold assay is a commonly used method to detect free nucleic acids. In our
experiments it was used to determine the amount of free siRNA after the encapsulation via
polyplex formation at various N/P ratios. Therefore, different N/P ratio polyplexes were
prepared following the formula from above. Polyplexes were formed in HEPES buffer with
50 pmol of scrambled siRNA, and 100 puL of each polyplex solution was distributed in a white
FluoroNunc 96-well plate (FisherScientific, Hampton, NH, USA). A 4X SYBR Gold solution
(30 uL) was added to each well, and the plate was incubated for 10 min in the dark before
measuring the fluorescence signal by using a fluorescence plate reader (FLUOstar Omega,
BMG Labtech, Ortenberg, Germany) at 492 and 555 nm excitation and emission wavelengths,
respectively. An analogous procedure with free siRNA was used as 100 % value. Measurements

were performed in triplicates, and results are shown as mean values (n = 3).

2.5 siRNA Release by Heparin Competition Assay

To evaluate the polyplex stability in the presence of competing polyanions under neutral and
acidic conditions, a heparin competition assay was performed. Polyplexes were prepared in the
presence of two different buffers, a 10 mM HEPES buffer (pH 7.4) and a 10 mM sodium acetate

buffer (pH 4.5) to enable comparison of polyplexes stability at different pH as well as at various
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ionic strengths. Polyplex sample aliquots of 60 ul (N/P 3) were dispersed into a white
FluoroNunc 96 well plate and 10 pl of beforehand prepared heparin concentrations (0.12, 0.16,
0.21, 0.27, 0.35, 0.46, 0.59, 0.77, 1 USP units/well) were added to the wells. After incubation
for 30 min at room temperature, 30 ul of a 4X SYBR Gold solution was added to each well and
the plate was incubated for 10 min under light exclusion. Fluorescence measurements and
calculation of percentage of free siRNA were performed as described under 2.4. To obtain more
precise results, each heparin concentration was added to the respective buffer and used as blank
for related samples. Measurements were performed in triplicates and results are shown as mean

values (n = 3).

2.6 Size and ({)-Potential Analysis by Dynamic Light Scattering and Laser Doppler
Anemometry

To investigate the particle size and the polydispersity index (PDI) as well as the zeta potential
of the different polyplexes a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK) was used.
Polyplexes were formed in HEPES buffer at various N/P ratios. To determine the average
particle size and PDI, 100 uL polyplex solution was pipetted into disposable cuvettes (Malvern
Instruments, Malvern, UK) and used for measurements by dynamic light scattering at 173°
backscatter angle running 10 scans three times per sample. Zeta potentials were measured using
a Zeta Cell (Zetasizer Nano series, Malvern, UK) containing a 7X dilution of another 100 uL.
sample aliquot by laser Doppler anemometry (LDA) with each run consisting of 30 scans.

Results are expressed as mean =+ standard deviation (n = 3).

2.7 Cells and Cell culture
U87 cells (human glioblastoma cell line) were cultured in EMEM media supplemented with
heat inactivated FBS (10%) and Penicillin-Streptomycin (1%). The cells were subcultured,

maintained and grown in an incubator in humidified air with 5% CO> at 37 °C.

2.8 Evaluation of cytotoxicity via MTT Assay

Cytotoxicity of free polymers and polyplexes was tested via MTT assay on U87 glioblastoma
cells. Therefore, the cells were seeded in a 96 well plate at a density of 8.000 cells per well and
grown for 24 h. Free polymer (in concentrations that correspond to concentrations used for
polyplex preparation for N/P ratios of 3, 5 and 10) and polyplex suspensions (N/P ratios 3, 5
and 10) were added to the wells and incubated for 24 h. After removing the medium, 0.5 mg/mL
MTT containing fresh medium was added and incubated for 3 h at 37 °C and 5 % CO,. Finally,
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insoluble purple formazan crystals were dissolved in 200 uL isopropanol, and the absorption
was quantified at 570 nm wavelength and corrected with background values measured at
680 nm using a microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany).
The experiment was performed in triplicate and results are shown as mean * standard deviation
normalized to percentage of viable cells in comparison to untreated cells representing 100%
viability. In our context we further wanted to investigate the polymer concentrations (ICso
values) that reduce mitochondrial activity of the treated cells by 50% after a specific incubation
period in comparison to well-known transfection agents. Therefore, U87 cells were seeded in a
96-well plate at a density of 8000 cells per well and incubated for 24 h. P(SPAA)327 (1b), PEI
and Lipofectamine with varying concentrations (0.01 mg/mL to 1 mg/mL for PEI and
0.01 mg/mL to 0.1 mg/mL for LF) were added and incubated for 24 h. An MTT Assay was
performed as described above. Cell viability profiles were constituted as a function of log
concentration values and ICso values were calculated using the GraphPad Prism 5 Software by

using a nonlinear fit.

2.9 Quantification of Cellular Uptake by Flow Cytometry

The in vitro cellular uptake of polyplexes was quantified by flow cytometry. Amine modified
siRNA was labeled with the fluorescent dye Alexa Fluor 488 (AF488) following the
manufacturer’s protocol and purified by ethanol precipitation and spin column binding as
described previously [18]. U87 cells were seeded 24 h prior to the experiment in 24-well plates
at a density of 50.000 cells per well and incubated at 37 °C and 5 % CO, atmosphere. All uptake
experiments were performed using 50 pmol of siRNA-AF488 at N/P ratio of 3, negative
controls consisted of untreated and free siRNA-AF488 treated cells. Positive controls consisted
of Lipofectamine 2000 lipoplexes which were prepared with 50 pmol of siRNA-AF488
according to the manufacturer’s protocol. After the transfection of cells for 24 h, the incubation
medium was removed, and cells were washed with PBS and detached using 0.25 % trypsin-
EDTA. Samples were washed twice with 500 uL PBS and resuspended in 500 uL PBS/2 mM
EDTA. Additionally, trypan blue quenching was used to exclude the surface fluorescence
signals of not completely internalized siRNA complexes. Median fluorescence intensities
(MFI) were analyzed using an Attune NxT Acoustic Focusing Cytometer (Thermo Fisher
Scientific, Waltham, MA, USA) by exciting the siRNA-AF488 at 488 nm and measuring the
fluorescence signal with a 530/30 nm emission filter. Samples were run in triplicates, each
sample consisting of a minimum of 10000 viable cells. Results are given as mean * standard

deviation (n = 3).
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2.10 In vitro GAPDH gene Knockdown by PCR measurements

To test gene silencing abilities of the polyplexes, 120.000 glioblastoma cells per sample were
seeded in a 6-well plate and grown for 24 h. Cells were transfected with polyplexes containing
50 pmol siRNA at N/P 3 either directed against GAPDH (siGAPDH) or scrambled negative
control siRNA (siNC), respectively. After a 24-hour incubation period, cells were harvested
and total RNA was isolated with the PureLink™ RNA mini kit (ThermoFisher Scientific,
Waltham, MA, USA) according to the manufacturer’s protocol with additional DNase
digestion. cDNA was synthesized from RNA with a high-capacity cDNA synthesis kit
(ThermoFisher Scientific, Waltham, MA, USA) using a qTOWER real-time PCR thermal
cycler (Analytik Jena, Jena, Germany). cDNA was amplified with powerSYBR green PCR
master mix (ThermoFisher Scientific, Waltham, MA, USA) and Quantitect® primer assays
Hs_GAPDH_1_SG and Hs_ACTV_2_SG (Qiagen, Venlo, Netherlands) using the thermal
cycler mentioned above. Cycle threshold (Ct) values were obtained with the gPCRsoft software
(Analytik Jena). The experiment was performed in triplicates for each sample with additional
water samples as negative controls. GAPDH gene expression was calculated according to the
delta - delta Ct method and normalized by corresponding B-actin expression for each sample

related to siNC negative control values. Results are given as mean + standard deviation (n = 3).

2.11 Statistics
Unless otherwise stated, results are given as mean value + standard deviation. One-way
ANOVA with Bonferroni multiple comparison test was performed in GraphPad Prism software

(Graph Pad Software, La Jolla, CA) to calculate p-values at 95% confidence.

3. Results and Discussion

3.1 siRNA encapsulation Assay

Negatively charged phosphate groups present in the siRNA molecule and positively charged
polymers can form polyplexes. This is due to electrostatic attraction inducing charge
complexation when they are combined in solutions [19]. Within this complex the siRNA
molecule and especially its sensitive phosphate backbone is protected against various sources
of degradation after in vitro or in vivo application such as nucleases [20] and therefore is enabled
to reach its target side in an intact manner. Consequently, the siRNA encapsulation ability of
polymers represents an important property in evaluating their suitability as siRNA carriers. Due

to induced cytotoxicity by high cationic charge densities, full encapsulation of siRNA at low
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N/P ratios and therefore low amounts of polymer is desirable. To determine the optimal polymer
amounts for condensation of a specific sSiRNA amount, siRNA encapsulation assays were

performed at various N/P ratios by using the fluorescent dye SYBR Gold.

Free siRNA [%)]
Free siRNA [%)]

0 1 3 5 7 10 15 20N/Pratio 0 1 3 5 7 10 15 20N/P ratio

Figure 2. Small Interfering RNA (siRNA) encapsulation profiles of polyplexes formed with homopolymers (A)
and copolymers (B) as measured by SYBR Gold assay at various N/P ratios. 100 % values (N/P = 0) are represented

by the determined fluorescence of uncondensed siRNA. (Data points indicate mean, n = 3).

As displayed in Figure 2 all polymers showed comparably efficient siRNA condensation
abilities with maximum protection of the payload at N/P ratio 3 with 5.4%, 1.7% and 6.8% non-
encapsulated siRNA for polymers 1a — ¢ and 6.6% and 5.2% for polymers 2a and 2b,
respectively. An increase in the concentration of the polymers did not further lead to a more
efficient siRNA encapsulation. At lower N/P ratios, the smallest polymer (1a) showed most
efficient condensation of the nucleic acids. At N/P ratio 1 already 77% siRNA were
encapsulated, whereas polymers 1b and 1c¢ had only encapsulated 28% of available siRNA
molecules. This suggests that steric hindrance of larger polymer molecules may make
encapsulation less efficient while using low polymer concentrations. The hydrophobically
modified polymers exhibited a comparable condensation ability as polymer 1a with 77% and
60% of free siRNA, respectively at N/P 1. One could conclude from these results that
hydrophobic interactions of the additional subunits may contribute to the formation of
polyplexes [21]. In summary, all the polymers showed highly efficient siRNA condensation
abilities at rather low N/P ratios in comparison to low molecular weight polyethylenimine-based
polymers, for example [22]. Advantageously, the use of low polymer concentrations helps

avoid unwanted side or toxic effects and reduces the incurred costs of the polymer excipient.

3.2 siRNA Release by Heparin Competition Assay
The stability of polyplexes, which is influenced by the presence of competing anions after
addition to serum containing cell culture medium or administration in vivo, is also an important

parameter to screen the potential efficiency of polymers as siRNA vectors [23]. After in vivo
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administration polyplexes need to remain stable for successful delivery of their payload to their
specific target sites. Therefore, release assays were performed to confirm the protection ability
of P(SPAA) and P(SPAA-co-DAA) polymers for siRNA in the presence of polyanions under
physiologically relevant conditions (pH 7.4) as present in the blood stream. On the other hand,
as free siRNA present in the cytoplasm is a prerequisite to induce the RNAi machinery, siRNA
release ability under acidic conditions (pH 4.5), mimicking the endosomal compartment, was
determined also. As illustrated in Figure 3A solely slight siRNA displacement at pH 7.4 from
P(SPAA) polyplexes occurred for all heparin concentrations and reached siRNA release of
approximately 12% for 1a and 1b polyplexes and 7% for 1c¢ polyplexes for the highest used
heparin concentration of 1 USP units per well. 1a polyplexes showed one additional peak with
maximal free siRNA concentrations of 24% at 0.12 USP units heparin per well. 2a and 2b
polyplexes displayed a comparable release profile to 1b and 1¢ polyplexes with a maximum of
free siRNA amount (7.3% for 2a polyplexes and 8.9% for 2b polyplexes) at 1 USP units per
well (Figure 3B). Consequently, just a small amount of siRNA molecules could be replaced by
competing heparin anions what leads to the conclusion that all used polymers are able to form
polyplexes which are stable under physiologic conditions. Under these conditions hydrophobic
modifications commonly exhibit enhanced siRNA retention by additional hydrophobically

reflected here by small differences between the homo- and copolymers.
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Figure 3. Release profiles of siRNA from polyplexes formed at N/P 3 with homopolymers 1a — ¢ (A and C) and
copolymers 2a and 2b (B and D) as a function of heparin concentration (0.0 - 1.0 USP heparin per well) at pH 7.4

(A and B) and 4.5 (C and D). (Data points indicate mean normalized fluorescence, n = 3).

As illustrated in Figure 3C and 3D and in accordance with our former observations, siRNA was
very easily released from all kinds of used polyplexes indicating appropriate payload release
abilities under mimicked endosomal conditions. siRNA release at lower pH values might occur
through charge repulsion after amine protonation leading to complex destabilization and
payload release [24]. Release of siRNA is a prerequisite for incorporation into the RNAi
machinery and consequent therapeutic effects. At highest used heparin concentration, 87%,
80% and 69% for 1a — ¢ polyplexes and 82% and 77% for 2a and 2b polyplexes of free siRNA
were found, respectively. Payload release abilities shown by homopolymers indicate in
accordance with data for encapsulation ability, that variations in polymer sizes lead to
differences in the stability of the formed complexes. It seems that replacement of siRNA from
complexes formed with the low molecular weight polymer 1la (87%) is easier that from
complexes built with higher molecular weight polymer 1c¢ (69%). Therefore, we suggest that
lower molecular weight can impair the stable complex formation ability. This finding is in line
with already described observations for PEI polyplexes [25]. Hydrophobically modified
copolymer 2b showed slightly lower siRNA release for analogous heparin concentrations than
copolymer 2a indicating that higher number of hydrophobic interactions within this polymer-
siRNA complexes may protect RNA better against competing anions such as heparin. It was
already described in literature that polymers containing hydrophobic functionalities, e.g.,
triazine dendrimers modified with alkyl chains, showed increased stability against heparin

displacement under physiological conditions [26].

3.3 Particle characterization

3.3.1 Size and Zeta ({)-Potential Analysis by Dynamic Light Scattering and Laser Doppler
Anemometry

As the nanoparticles’ physicochemical characteristics are major determinants for intracellular
uptake and transfection abilities, one aim of the study was to investigate whether P(SpAA) and
P(SpAA-co-DAA) complexes fulfill the general requirements regarding polyplex properties for
successful RNA delivery. It is known that there is a limit in size by which particles get
internalized into cells [27] but also that very small particles are quickly excreted by the kidneys
[28]. Another important factor is the surface charge of the nanoparticles, as slight positive
charges can help to enter cells via interaction with negatively charged proteoglycans present in
the cell membrane. However, high charge densities can also induce cytotoxicity [29]. Size, PDI
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and zeta potentials measurements were performed at N/P ratios of 3, 5 and 10 as the increasing

polymer concentration might also have an effect on the polyplex properties.
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Figure 4. Dynamic light scattering measurements of polyplexes formed with homo- and copolymers (A)
Hydrodynamic diameters (left y-axis) and polydispersity indices (PDI, right y-axes) for N/P ratios of 3; 5 and 10
and (B) zeta potentials of polyplexes formed with homo- and copolymers at N/P ratios of 3; 5 and 10. (Data points

indicate mean + SD, n = 3).

Our data revealed, as illustrated in Figure 4A, that all polymers encapsulated the siRNA firmly
and formed polyplexes at very favorable size ranges between 95 and 135 nm. If considered at
which N/P ratios these sizes were reached, our spermine-based polyacrylamides showed
advantages against many other hydrophobically modified polymers or PEI. Most other
polymers require much higher N/P ratios to achieve encapsulated particles within comparable
size ranges [30]. Low molecular weight polymer 1c¢ formed largest particles (1a: 126 nm, 1b:
114nm and 1c¢: 106 nm for N/P 10) what supports our thesis that these kinds of polymers form
more loosely bound complexes with siRNA molecules. To generate reproduceable data in
further experiments the polyplexes investigated should be as uniform as possible. In our study
we found a PDI range from 0.23 to 0.4 indicating appropriate size distribution profiles. For
subsequent experiments the PDIs could be further improved by optimizing synthesis and
purification of the polymer or controlled assembly of the polyplexes for example with a
microfluidic polyplex preparation approach as already described in literature [31]. As expected,
zeta potential values as shown in Figure 4B were correlating with the N/P ratio. The zeta
potentials were in a desirable range from 19.3 to 30.8 mV. This seems understandable because
the increasing amount of positively charged polymer added to the polyplexes impacts the
particle charge. Interestingly the polyplexes formed with the most hydrophobic polymer 2a
showed a decrease in surface charge. This indicates that the hydrophobic modifications are
capable to shield the cationic charge to a certain degree. These results hint to promising uptake
capabilities since all physicochemical characteristics lay inside the narrow requirement ranges

explained in the beginning.
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3.4 Evaluation of cytotoxicity via MTT Assay

As previously described, structures with high cationic charge density induce severe
cytotoxicity. On the other hand, they can strengthen the polyplexes against destabilizing
polyanionic structures which are abundant in the blood and extracellular fluids [32].
Furthermore, they support cell internalization of the particles and endosomal escape of siRNA
molecules, and consequently they are a mandatory requirement for successful siRNA delivery
leading to therapeutic effects. This is one of the biggest challenges to overcome in developing
siRNA carrier systems since cytotoxicity on the one hand and polyplex stability, transfection
efficiency, gene knockdown ability and biocompatibility on the other need to be balanced
against each other. This is one of the reasons poly(spermine acrylamides) were investigated by
our group. One aspect was to introduce endogenous cationic structures to reduce cytotoxicity.
Additionally, the hypothesis was developed, that the hydrophobic subunits might be able to
shield the cationic charge and thereby can reduce cytotoxicity. To check this hypothesis, a
thiazolyl blue tetrazolium bromide (MTT) assay was performed in U87 glioblastoma cells after
24 h exposure with free polymers at various concentrations (same concentrations of free
polymers were used as needed for corresponding polyplex preparation for N/P 3 and 10) as well
as formed polyplexes at N/P ratio 3 and 10. N/P 3 represents the working N/P ratio for further
experiments in this study, whereas N/P 10 was chosen to generate data also for higher polymer
amounts to get more insight of the toxicity profiles of the used materials. To be able to compare
cell tolerability of poly(spermine acrylamides) and currently used transfection standards the
ICso values of P(SPAA)327 (1b), branched PEI (10 kDa) as well as Lipofectamine 2000 (LF)
were determined. Therefore, an MTT assay in U87 glioblastoma cells after 24 h of exposure
was performed. Absorbance signal of untreated cells was set to 100 %. With the GraphPad
Prism 5 Software the ICso values for our tested dilution series were calculated. Therefore, the
logarithmic concentrations were plotted against the percentage of cell viability. The software
then calculated the inflexion point which resembles the ICso value. This value is not only
substance specific but also cell line specific. The calculated concentrations indicated
circumstances under which only half of all cells of a certain type showed full mitochondrial

activity.
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Figure 5. Cell viability of U87 glioblastoma cells as determined by thiazolyl blue tetrazolium bromide (MTT)
assay after 24 h of polymer/polyplexes incubation time. Cell viability for various concentrations of homo- and
copolymers (A). Cell viability for polyplexes with N/P ratios of 3 and 10 (B). Cell viability profiles and IC50 value
determination for 1b polymer, poly(ethylenimine) (PEI) as well as Lipofectamine 2000 (LF) as a function of log

concentration values (C).

The obtained results (Figure SA and 5B) indicated that free polymers and polyplexes at low
concentrations and N/P ratios showed no toxic effects. Only at higher concentrations and N/P
ratios cytotoxicity became a minor factor for some formulations. Thus, free polymer 1¢ and 2b
displayed survival rates of 89 % at 10 ug/mL and 63 % at 12 pg/mL, respectively. Decreased
cell viabilities could displayed for polyplexes prepared with 1¢ (73 % for N/P 10), 2a (86% for
N/P 3 and 77% for N/P 10) and 2b (83% for N/P 10) and therefore hydrophobically modified
copolymers appeared to be slightly more toxic than homopolymers what may be caused by their
surface activity or the synthesis process. However, acceptable cell compatibility for U87 cells
could be confirmed for all free polymers as well as for all polyplexes. This promises high
potential for the use of our polymers as carrier systems especially regarding in vivo experiments
in the future. As displayed in Figure 5C ICso values for P(SPAA)s27, branched PEI and LF were
determined as a function of log values of used concentration and were for PEI and LF 20.43
ug/mL and 27.28 pg/mL, respectively. With an ICso concentration of 36.93 ug/mL P(SPAA)327
demonstrated increased cell tolerability. This data highlights that P(SPAA)s32; was indeed

superior regarding cytotoxicity in comparison to LF and PEI. We could thereby confirm our
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hypothesis that spermines as endogenous structures are promising source materials for cationic
polymer delivery systems with low cytotoxic effects. This suggests high potential for

therapeutic approaches.

3.5 Quantification of Cellular Uptake by Flow Cytometry

With the promising data regarding physicochemical characteristics and siRNA encapsulation
ability the next step in our research was to determine the capability of our polyplexes to enter
cells. Therefore, polyplexes were prepared with a previously labelled AF488-siRNA. The
cellular internalization in glioblastoma cells was measured by flow cytometry after polyplex
incubation of 24 h. Preliminary experiments with varying N/P ratios were performed to identify
the N/P ratio with the best uptake capabilities. The most efficient N/P was 3 for all tested
polyplexes and then chosen as working N/P ratio for following experiments. Labelled siRNA
or formed polyplexes which are adherently bound to the cell surface but not internalized can
cause wrong fluorescence signals and therefore falsify the generated data. To evaluate the
influence of this phenomenon, samples were measured with and without trypan quenching.
Trypan blue does not diffuse across cell membranes [33] and therefore erases all fluorescence
signals from the surface of cells. Obtained data displayed no statistical difference from the
quenched data (data not shown). This confirmed that cellular internalization was measured
without additional signals generated by adherently bound fluorophores. Interestingly, with
further rising polymer concentration, uptake capabilities constantly decreased. The cytotoxicity
on the other hand rose with the N/P ratio and thereby might be the cause for decreased uptake.
Figure 6 shows the median fluorescent intensity (MFI) of U87 glioblastoma cells transfected
with preformed polyplexes, compared to free siRNA and untreated cells as negative control as

well as Lipofectamine 2000 (LF) lipoplexes as positive control after trypan blue quenching.
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Figure 6. Cellular uptake of polyplexes after 24 h incubation time, as quantified by flow cytometry performed with
trypan quenching and presented as median fluorescent intensity (MFI, y-axis) compared to free siRNA and
untreated cells as negative controls as well as Lipofectamine 2000 (LF) lipoplexes as positive control. (Statistical

evaluation was performed by one-way ANOVA, ** p < 0,01, *** p <0,001).

The cells transfected with P(SPAA)-polyplexes showed no significant increase in cellular
uptake in comparison to free siRNA, and MFIs were in a range from 12409 (1¢) to 13771 (1a).
The P(SpAA-co-DAA) polyplexes displayed significantly higher uptake with MFI values of
22907 for P(SpAAo.9/DAAo.1)a61 and 19999 for P(SpAAo.7s/DAAo.25)s26. Therefore, suitable cell
internalization capabilities were confirmed especially for hydrophobically modified ones. This
data implied that the hydrophobic subunits support cell internalization as previously shown for
many other hydrophobically modified polymers [34]. We suggest that hydrophobic interactions
of the aliphatic side chains within the polymer with lipid bilayers of the cells might play an
important role in the polyplex uptake procedure [35]. Enhanced cellular internalization abilities
of hydrophobically polymers were already described for palmitic acid modified chitosan [36]
and poly-L-lysine polymers (PLL) [37], for amino acid modified poly(amidoamines) (PAA)
[38], for oleic and stearic acid-modified PEI 2kDa [39], for triblock copolymeric systems of
poly(amidoamine) (PAMAM) dendrimers modified with PEG and dioleoylphosphatidyl
ethanolamine (DOPE) [40] and Nylon-3 polymers modified with hydrophobic subunits [41]. A
next step might be to investigate the route of cellular uptake to evaluate potential differences
between homo- and copolymers. Nonetheless, we achieved considerable uptake levels for both
types of polymers highlighting the potential of poly(spermine acrylamides) for siRNA delivery

in general, whereas hydrophobic modified ones are especially promising.

3.6 GAPDH Knockdown measured by RT-PCR

To investigate whether cellular uptake also correlates with corresponding gene silencing we
performed a GAPDH Knockdown experiment. Gene downregulation on the mRNA level was
examined using siRNA specifically targeting the house-keeping gene GAPDH (GAPDH-
siRNA) followed by isolation of the RNA, reverse transcription in cDNA and quantification of
respective cDNA templates via real time PCR (RT-PCR). All tested formulations were also
applied containing scrambled non-targeting siRNA (NC-siRNA) as a negative control. Figure
7 shows GAPDH expression normalized to beta-actin gene expression related to negative

control values for each sample calculated by the delta-delta Ct method.
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Figure 7. GAPDH knockdown of 1c¢, 2a and 2b polyplexes at N/P 3 in U87 glioblastoma cells quantified by
polymerase chain reaction (PCR) and calculated by the delta-delta Ct method normalized to beta-actin gene
expression and scrambled siRNA values used as negative control for each polymer. (Data points indicate

mean + SD, n = 3. Statistical evaluation was performed by one-way ANOVA, *** p <(,001).

All tested formulations displayed a significant silencing effect of GAPDH gene expression
compared to their respective NC-siRNA controls. Most efficient knockdown ability of
hydrophobically modified copolymers 2a and 2b (66 %) was observed, followed by LF positive
control (50%) and homopolymer 1c (36%). More efficient gene silencing effect of
hydrophobically modified polymers might be attributed on the one hand to enhanced cellular
internalization ability that led to higher amounts of siRNA molecules within the cells. On the
other hand, after endocytosis, free siRNA molecules need to be released from the polymer-
siRNA complex and be able to escape the endosomal compartment to undergo the RNAIi
machinery. All formulations exhibited also appropriate siRNA release abilities at conditions
present in the endosomolytical compartment (pH = 4.5). Furthermore, as hydrophobic moieties
facilitate internalization into cells via hydrophobic interactions with the cellular lipid bilayer,
we hypothesize, that these interactions may also be helpful to escape the endosomal
compartment besides the buffering capacity of primary and secondary amines (proton sponge
effect) [9]. Consequently, free siRNA molecules are present in the cytoplasm and available for
knocking down their specific gene expression on the mRNA level. The higher extent of DAA
subunits within the 2b polymer, however, could not further improve the knockdown ability.
Taken together modified poly(spermine acrylamides) exhibited more efficient GAPDH
knockdown than unmodified ones, what leads to the assumption, that additional hydrophobic
interactions with the membrane of the endosome might cause an improved siRNA release into
the cytoplasm and, taken together with appropriate siRNA release and cellular internalization
abilities, this leads to a highly efficient gene silencing effect. P(SpAA-co-DAA) polyplexes

therefore provide a highly promising system for siRNA delivery into glioblastoma cells.
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4. Conclusion

Many carrier systems for siRNA delivery exhibit great potential. However, low cytotoxicity as
well as appropriate transfection efficiencies and endosomal escape capabilities remain big
challenges for successful gene knockdown and therapeutic effects. Herein, we presented a way
to synthesize a new type of polymer following the approach of using NAS as monomers for
FRP reactions leading to poly(tri-boc spermine acrylamides) after post-polymerization
functionalization with tri-boc spermine molecules. Additionally, we described a way to
synthesize hydrophobically modified copolymers with hydrophobic decylacrylamide subunits
to gain insight into the effect of the modifications. . All polymers were able to form polyplexes
with high maximum encapsulation values of 94-95%. They uniformly reached maximum
siRNA encapsulation from N/P 3 which was determined by SYBR Gold assay. DLS
measurements showed that all polyplexes were in favourable size ranges of 95-140 nm and that
the size distribution was in an acceptable range from 0.23 to 0.4. Zeta potentials determined
with LDA were between 19.3 mV and 30.8 mV. Therefore, our polymers formed polyplexes
with very favorable physicochemical characteristics. Using MTT assays to determine cell
viability via metabolic activity we found that at working N/P ratios, none of our polymers
showed any sign of cytotoxicity. To gain more insights regarding cytotoxic effects of the
materials ICso concentrations of P(SpAA)s27, branched PEI and the cationic lipid LF 2000 were
additionally determined. Herein, we confirmed, in line with our assumption a superior cell
tolerability for P(SpAA)s27 polymer in comparison to currently used standards LF 2000 and
branched PEI. Tested on U87 glioblastoma cells, all polyplexes showed favourable cell
internalization capabilities whereas hydrophobically modified polymers performed best.
GAPDH gene silencing experiments were used to evaluate the knockdown ability of the
polyplexes on RNA level. Copolymers were able to induce the strongest GAPDH gene
knockdown effect of 66% compared to negative control, whereas higher hydrophobic extent
does not lead to a more efficient gene-silencing effect. Consequently, siRNA molecules seem
to be released from polyplexes in an appropriate manner and moreover, hydrophobic moieties
even might facilitate the escape from the endosome. The mechanism for this postulation is still
not investigated and needs to be addressed in future projects. The comparison between
oligospermines and P(SpAA) homo- and copolymers in which the molecular masses were
further increased underlined that higher molecular masses of spermine-containing substances
did not result in improved uptake and knockdown abilities, whereas hydrophobic modifications

were shown to be able to achieve such an effect. Controversially, there is also evidence in the
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literature of hydrophobically modified formulations that have promoted cell entry but not
endosomal escape what suggest, that it is not possible to make a general statement about the
behavior in vitro [9]. The success of the material might considerably depend on type and extent
of the hydrophobic modifications as well as the cell membrane composition of utilized cell lines
and needs to be investigated in every single case. Furthermore, as the composition of the outer
cell membrane differs to the one of the endosomes, enhanced cellular internalization does not
necessarily mean that endosomal escape is also improved. In conclusion, synthesized spermine-
based poly(acrylamides) provide a suitable group of materials for siRNA delivery into
glioblastoma cells with minimal toxic effects. Especially hydrophobic modification of polymers
is a suitable tool to design drug delivery systems with enhanced cellular internalization and
gene-silencing abilities via additional hydrophobic interactions with cell membranes. To further
enhance their intracellular uptake abilities, synthesis methods, that enable higher number of
hydrophobic subunits within the polymers are under investigation. Ongoing work currently also
focuses on improvement of endosomal escape with the use of e.g., trans-activator of
transcription (TAT) peptides from HIV or similar cell penetrating peptides combined with
histidine residues or covalently bound melittin to osmotically disrupt the endosomes. To enable
selective targeting a Transferrin-based delivery directly towards tumor cells might be possible.
Finally, to reach glioblastoma cells after intravenous injection, a mechanism to overcome the
blood-brain barrier is necessary as well. The final objective is the delivery of therapeutic
siRNAs for glioma-related genes to decrease tumor proliferation. This might be a promising

therapy advancement for glioblastoma multiforme patients all over the world.
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Supplementary Material
1. NMR spectra of polymers

Figure S1. '"H-NMR spectrum of P(NAS) homopolymer (exemplarily) in DMSO.
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Figure S2. 'H-NMR spectrum of P(NAS-co-DAA) 1 in DMSO.
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Figure S3. '"H-NMR spectrum of P(NAS-co-DAA) 2 in DMSO.
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Figure S4. '"H-NMR spectrum of P(TBSpAA) homopolymer (exemplarily).
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Figure S5. 'H-NMR spectrum of P(TBSpAA-co-DAA) 1 in CDCI3.
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Figure S6. 'H-NMR spectrum of P(TBSpAA-co-DAA) 2 in CDCI3.
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Figure S7. "H-NMR spectrum of P(SpAA) 1 (1a) TFA salt in D20
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Figure S8. 'H-NMR spectrum of P(SpAA) 2 (1b) TFA salt in D20.
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Figure S9. 'H-NMR spectrum of P(SpAA) 3 (1¢) TFA salt in D20.
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Figure S10. 'H-NMR spectrum of P(SpAA-co-DAA) 1 (2a) TFA salt in D2O.
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Figure S11. "H-NMR spectrum of P(SpAA-co-DAA) 2 (2b) TFA salt in D20.
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Figure S12. GPC trace of P(NAS) 2 measured via SEC in DMF.
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Figure S13. GPC trace of P(NAS) 3 measured via SEC in DMF.
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Figure S14. GPC trace of P(NAS-co-DAA) 1 measured via SEC in DMF.
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Figure S15. GPC trace of P(NAS-co-DAA) 2 measured via SEC in DMF.
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Figure S18. GPC trace of P(TBSpAA-co-DAA) 1 measured via SEC in DMF.
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Figure S19. GPC trace of P(TBSpAA-co-DAA) 2 measured via SEC in DMF.

3. Molar masses and polydispersities

Filted MW {g/mol)

Table S1. Molar masses and polydispersities of polymers calculated via SEC.

Name M, b? Name M, b?

[x10° g mol']? Postpoly. [x103 g mol!]?
P(NAS)1 24.0 2.46 P(TBSpAA)1 57.7 2.11
P(NAS)2 209 2.96 | P(TBSpAA)2 39.3 2.08
P(NAS)3 18.8 224 | P(TBSpAA)3 95.8 2.02
P(NAS-co-DAA)1 38.5 3.08 | P(TBSpAA-co-DAA)I 10.3 237
P(NAS-co-DAA)2 40.5 193 | P(TBSpAA-co-DAA)2 12.3 2.01

2 M, as obtained via SEC in DMF relative to polystyrene standards, b = M,,/M, calculated via SEC in

DMF or chloroform
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Proteins as Functional Components of Nanoparticles for Brain Targeting

Abstract

The blood-brain barrier (BBB) is composed of brain endothelial cells, pericytes, and astrocytes,
which build a tight cellular barrier. Therapeutic (macro)molecules are not able to transit through
the BBB in their free form. This limitation is bypassed by Apolipoprotein E (ApoE)-
functionalized polymeric nanoparticles (NPs) that are able to transport drugs (e.g. dalargin,
loperamide, doxorubicin, nerve growth factor) across the BBB via low density lipoprotein
(LDL) receptor mediated transcytosis. Coating with polysorbate 80 or poloxamer 188 facilitates
ApoE adsorption onto polymeric NPs enabling recognition by LDL receptors of brain
endothelial cells. This effect is even enhanced when NPs are directly coated with ApoE without
surfactant anchor. Similarly, covalent coupling of ApoE to NPs that bear reactive groups on
their surface leads to significantly improved brain uptake while avoiding the use of surfactants.
Several in vitro BBB models using brain endothelial cells or co-cultures with
astrocytes/pericytes/glioma cells are described which provide first insights regarding the ability
of a drug delivery system to cross this barrier. In vivo models are employed to simulate central
nervous system-relevant diseases such as Alzheimer’s or Parkinson’s disease and cerebral

cancer.
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1. Introduction

According to the World Health Organization (WHO), approximately 20% of all humans suffer
from damages of the central nervous system (CNS), such as depression, epilepsy, Parkinson’s
disease, dementia/Alzheimer’s disease, stroke, cerebral cancer or CNS-relevant metabolic
diseases. Due to the strong protective function of the blood-brain barrier (BBB), the ability of
therapeutic agents to reach their targets in the CNS is extremely limited. Less than 2% of small
molecule drugs are able to cross this barrier with even lower numbers for macromolecules due
to their high molecular weight [1]. Furthermore, those few drugs that are capable of crossing
the BBB can be actively transported back into the vasculature by efflux transporters [2].
Consequently, the delivery and release of drugs into the brain is a challenging topic that requires
specific systems for drugs to transit the BBB. In the past, several approaches have been tested
to transiently open or to passage this barrier. Intrathecal or intraventricular injection of drugs
represents an invasive method which has been used for chemotherapy with methotrexate or
cytarabine/cortisol in patients with aggressive lymphoma or acute lymphatic leukemia [3]. With
infusion of hyperosmotic solutions via the arteria carotis interna, a shrinkage of endothelial
cells and opening of tight junctions is achieved [4]. This approach has clinically been used, but
the unselective opening of the BBB was accompanied by the risk of edema formation [5].
Moreover, shear forces of microcurrents induced by applied focused ultrasound in the area of
treatment cause a local disruption of the BBB, which was shown by the group of Treat in animal
trials [6]. Schinkel et al. showed that the CNS concentration of various drugs is significantly
increased by blockage or knock-out of efflux transporters in the BBB [7]. However, these
transporters are also blocked in other barriers of the body leading to altered pharmacokinetics
of many endogenous and exogenous compounds. Due to unspecific side effects of the above
described disrupting methods, the design of efficient non-invasive nanocarrier systems that can
facilitate controlled and targeted drug delivery to the specific regions of the brain is the goal of
many current research efforts, but is also a major challenge [8]. As a promising nanocarrier
system, liposomes have been investigated initially for small molecule drug encapsulation and
delivery. To achieve specific targeting of the brain endothelium the transport pathway of
receptor-mediated transcytosis (RMT) was utilized with these systems after surface
modification with target seeking ligands [9]. Ligand-decorated liposomes bind to specific
receptors, are endocytosed and the liposomal content is transported across the BBB [10]. As
ligands directed against Transferrin receptors overexpressed on the BBB, i.e Transferrin

receptor antibodies were coupled to liposomes [9].
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Also the low density lipoprotein-(LDL) receptor family, a group of cell surface receptors that
transport several macromolecules into cells, is expressed in several different tissues and can
also be found in the brain [11]. These receptors play a crucial role in the homeostasis of
triglycerides and cholesterol by mediating cellular uptake of apolipoprotein-containing
lipoprotein particles [12]. An alternative to liposomes are polymeric nanoparticles (NPs),
consisting of low-cost, stable, tailored and biodegradable materials, e.g poly(lactic-co-glycolic
acid) (PLGA) or poly(n-butylcyanoacrylate) (PBCA), making them advantageous over
liposomes [13]. Up to date, there is a very urgent need to also use macromolecules as
therapeutics for CNS diseases. Promising compounds are high molecular weight biologicals,
e.g antibodies for Alzheimer’s disease and multiple sclerosis, enzymes for lysosomal storage
diseases or peptides for ischemic brain diseases [14]. Especially polymeric NPs systems provide
a promising delivery tool for embedding these macromolecules as well as small molecule drugs.
The following progress report will focus on the latest developments in LDL receptor mediated
brain targeting with ApoE-functionalized polymeric NPs. Special emphasis is given on the
different polymeric materials, encapsulated drugs, in vitro BBB models and in vivo setups

simulating different CNS-relevant diseases.

2. Blood-brain barrier

2.1 Structure and physiological function of the blood-brain barrier

The CNS is the most critical and sensitive organ in the human body and needs a regulated
extracellular environment. Neurons, astrocytes, endothelial cells of the BBB, myocytes,
pericytes and extracellular matrix components form the neurovascular unit (NVU) that serves
to maintain CNS homeostasis. The capillaries of the CNS have evolved to restrain the
movement of molecules and cells between blood and the brain. The BBB is a highly regulated
and efficient biological barrier between the peripheral circulation and the CNS. The BBB
controls brain homeostasis as well as ion and molecule movement and protects the brain against
metabolites, xenobiotics, pathogens and a multitude of drugs. The cellular barrier of the BBB
is composed of brain microvessel endothelial cells, pericytes, as a second line of defense, and
astrocyte end feet, which tightly ensheath the vessel wall (Figure 1). Pericytes are known to
have various functions in the CNS such as modulation of endothelial permeability, stabilization
of microvessel walls by intimate contact to endothelial cells, supply of BBB-specific enzymes
and phagocytotic activity. Astrocytes, solely or in combination with neurons, act as mediators

in regulation of CNS microvascular permeability. Their end feet cover pericytes and endothelial
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cell walls, release trophic factors that are essential for the induction and maintenance of the
BBB and are involved in water and ion balance regulation [15]. BBB endothelial cells differ
from endothelial cells in the rest of the body by the absence of fenestration and presence of
extremely tight junction complexes in the inter-endothelial space that includes tight junction
proteins, adhesion junctions, junctional adhesion molecules and accessory proteins. The
presence of junction complexes and the lack of aqueous pathways between cells greatly restricts
permeation of polar solutes through paracellular diffusional pathways from the blood plasma to
the brain extracellular fluid [16]. The tight junctions consist of three integral membrane
proteins, namely, claudin, occludin and junction adhesion molecules (JAM) and a number of
cytoplasmatic accessory proteins including zonula occludens proteins and cingulin [15].
Occludin appears to be a regulatory protein that can alter the paracellular permeability. JAM is
involved in cell-to-cell adhesion and monocyte transmigration through BBB [17]. All described
components are essential for the normal function and stability of the BBB.
V%
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Figure 1. The neurovascular unit and structures that contribute to the BBB i.e., endothelial cells, tight junctions,

pericytes, and astrocytic end feet. With permission from Ref. 117. Copyright 2013, John Wiley and Sons.

2.2 Transport routes across the BBB

Substances can cross the BBB via different pathways (Figure 2). The first route is paracellular
transport, which involves passing in between the endothelial cells across the tight junctions.
Through simple passive diffusion water and small water-soluble substances are capable of
passing the BBB (Figure 2, A). The second pathway is transcellular transport and occurs via
diffusion of small lipophilic gases and some lipid-soluble compounds, such as alcohol and
steroid hormones, from the endothelial cells into the brain stroma in a passive way (Figure 2,

B) [8]. Larger and more hydrophilic nutrients and metabolites, that are essentially required by
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the nervous tissue, need to be taken up in an active way [18]. Therefore, specific transport
mechanisms for these active pathways, i.e., carrier-, receptor-, and adsorptive-mediated
transcytosis or efflux transporters, are embedded in the BBB to guarantee an adequate supply
and export of these substances [19]. In case of carrier-mediated transcytosis (CMT), solutes
such as glucose, amino acids or essential fatty acids bind to a transport protein which is
embedded in the membrane of the endothelium (Figure 2, C). This interaction leads to a change
in the carrier protein conformation, resulting in transport through the endothelial cell along or
against a concentration gradient [8]. Specific efflux transporters, inserted predominantly in the
apical membrane, act as extremely efficient efflux pumps and are capable of rapidly pumping
back potentially toxic components into the blood stream (Figure 2, D). These efflux transporters
include members of the ATP-binding casette (ABC) gene family, e.g., P-glycoprotein,
multidrug resistance proteins (MRPs) and breast cancer resistance proteins (BCRP) that are
highly overexpressed by endothelial cells of the BBB [20]. The vesicular mechanism that
provides the main route for the entry of macromolecules, such as proteins, into the brain involve
either receptor-mediated transcytosis (RMT) or adsorptive-mediated transcytosis (AMT). In
RMT, binding of macromolecular ligands to specific receptors on the cell surface triggers
endocytosis (Figure 2, E). Receptors and their bound ligands form complexes that are
internalized into the endothelial cells as pinocytotic vesicles. These vesicles move through the
cytoplasm to the basolateral sides of the endothelial cells where they are exocytosed.
Dissociation of the ligand-receptor complex presumably occurs during cellular transit or
exocytosis [21]. So far, several receptors have been identified that can initiate RMT, e.g.,
insulin, epidermal growth factor, Transferrin and LDL-related protein receptors [22]. AMT is
induced by ligands bearing a positive charge, so that they can interact electrostatically with
negatively charged cell surface binding sites and subsequently are absorbed and transcytosed
(Figure 2, F) [23]. In both pathways, the degradative lysosomal compartment within the cell

needs to be avoided to ensure entry of intact compounds to the brain [24].
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