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Abstract

After RNA interference (RNAI) was first discovered by Fire and Melo over 20
years ago,’ siRNA-based therapeutics are finally becoming reality. With the ap-
proval of siRNA-based drugs such as Onpattro®, Givlaari® and Oxlumo® by the
U.S. FDA, a new interest in siRNA delivery was fostered in industrial and aca-
demic research groups. However, siRNA is a hydrophilic, and negatively charged
macromolecule, thus limiting its passive cellular uptake; besides, naked siRNA is
rapidly degraded by RNase and cleared fast by the kidneys.? To overcome the
barriers to siRNA delivery, various siRNA delivery systems have been developed
including viral and non-viral vectors. Cationic polymers are important non-viral
vectors for siRNA delivery. In this dissertation, we focused on the synthesis of
novel cationic polymers including the spermine-based poly(3-amino ester)s and

low molecular weight PEI-based copolymers.
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Scheme 1. The chemical structures of spermine-based poly(B-amino ester)s.

The chemical structures of the spermine-based poly(B-amino ester)s investigated
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in this thesis are shown in Scheme 1. All the polymers were confirmed by "H NMR,
and the siRNA encapsulation efficiency of the polymers was determined by SYBR
gold assays. The size and zeta potential of the polyplexes were characterized by
dynamic lights scattering and laser Doppler anemometry using a Zeta-sizer Nano
ZS (Malvern Instruments Inc., Malvern, UK). The cellular uptake of the polyplexes
was determined using fluorophore-labeled siRNA and determined by flow cytom-
etry. The gene silencing efficiency of the polyplexes was evaluated using en-
hanced green fluorescence protein-expressing cells (H1299/eGFP cells). The

polyplexes were also evaluated for therapeutically relevant gene silencing.

In experiments using low molecular weight PEI-based copolymers, the commer-
cially available PEI-PCL (800 Da — 40 kDa) was blended with PEG-PCL (5 kDa —
4 kDa) to prepare nanoparticles using nanoprecipitation (solvent displacement).
Three formulation methods were developed and the siRNA encapsulation effi-
ciency was determined by SYBR gold assay, the size and zeta potential of the
nanoparticles were characterized by Zeta-sizer Nano ZS (Malvern Instruments
Inc., Malvern, UK). Due to the low cellular uptake of the NPs-siRNA complexes,
PEI-PCL-PEI (5 kDa-5 kDa - 5 kDa) was synthesized and evaluated. The nano-
particles composed of PEI-PCL-PEI/PEG-PCL finally achieved efficient gene si-

lencing.
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General Introduction

1. RNA interference

RNA interference, abbreviated as RNAI, was first discovered in mammalian cells
in 1998.70nly 3 years later, Morgan’s and Tuschl’s groups reported that 21 to 25
nucleotide (nt)-long double-stranded RNAs can silence specific genes in mam-
malian cells without causing nonspecific interferon response. Such duplexes are
now widely known as small interfering RNAs (siRNAs).3 4 The RNAi mechanism
was first discovered in Caenorhabditis elegans and can be generally described
with the following steps: 1) Endogenous dsRNA is identified by a ribonuclease
protein called dicer which cleaves the dsRNA into small double-stranded frag-
ments (siRNAs). 2) The siRNAs consisting of a passenger strand and a guide
strand were then reported to assemble with Argonaute 2 (Ago2), the catalytic
core of the RNA-induced silencing complex (RISC).5 6 3) Once assembled into
RISC, the passenger strand of the siRNA duplex is cleaved and released, leaving
the guide strand to direct the activated RISC to its complementary RNA sequence
in the target mRNA. This finally leads to the cleavage of the target mRNA and
post-transcriptional gene silencing.” This silencing efficiency can ensure a thera-
peutic effect for 3 — 7 days in cells with a high mitotic index and several weeks in

non-dividing cells.?
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Figure 1. RNA interference induced by siRNA® (Reproduced with permission.
Copyright the Royal Society of Chemistry, 2003).

2. Advantages of siRNA over other RNAi therapeutics
Besides siRNA, microRNA (miRNA), and short hairpin (shRNA) can also induce

RNAI. miRNA is characterized by a single-strand (~22 nucleotides) and stem-
loop structure. However, miRNA cannot bind to mRNA perfectly, thus degrading
many untargeted mRNAs causing toxicity. 2 ' shRNA has a tight hairpin struc-
ture. To act appropriately, the shRNA needs to be delivered to the nucleus and
express the promoter successfully, which complicates its applications.’ Com-
pared with miRNA and shRNA, siRNA has fewer obstacles, rendering it highly

attractive for RNAI therapeutics.

3. Barriers to siRNA delivery
Although siRNA has fewer obstacles than miRNA and shRNA, its delivery still

has remained a challenge for many years and there are several barriers to suc-

cessful siRNA delivery. The barriers depend on the target organ and desired
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route of administration: localized administration, or systemic administration. Lo-
calized siRNA delivery has fewer barriers than systemic siRNA delivery, avoiding
the first pass effect in the liver and in many cases interaction with serum nucle-

ases.

3.1 Extracellular barriers

When systemically administrated, naked siRNA is readily degraded by serum
exo- and endonucleases in the bloodstream. Both naked siRNA and its metabo-
lites are eliminated by renal filtration. These obstacles decrease the plasma half-
life of siRNA to less than 10 min. 8 214The approaches to overcome siRNA deg-
radation and elimination include chemical modifications of the RNA and the use
of nanocarriers. Modifying the sugars, backbone, or bases of oligoribonucleotides
can enhance the stability of siRNA to overcome intravascular degradation.' The

most common RNA modifications are illustrated in Table 1.

Table 1. Chemical modifications of siRNA?2

Modification Modification method Outcome Reference
Base Internal uridine to rf (2,4-difluorotoluyl ribo- ~ Enhanced resistance to serum nucle- 16
nucleoside) substitution ases
Sugar 2'-Deoxy-2'-fluoro-B-D-arabino, Increase the half-life in serum w

2’-0-MOE maodification,
2’-0O-Me modification

Locked nucleic acids Increased half-life reduces immune

. - . activation
4’-Thio modified the ring oxygen

Enhanced resistance towards nucle-

ases

Backbone Phosphorothioate (PS) modifications The longer half-life of duplex 2

Morpholino oligomers More potent

Since modification of siRNA alone may not be enough to achieve target delivery
and therapeutic activity, physical encapsulation with nanocarriers is needed in
many cases. However, the the size of nanocarriers can cause recognition of the
siRNA delivery system by the reticuloendothelial systems (RES). @ The RES/mon-

onuclear phagocytic system includes the liver, spleen, lung, and bone marrow. It
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contains fenestrated capillaries and is saturated with phagocytic cells, such as
macrophages, and monocytes.?! Nanoparticles with sizes over 100 nm are often
reported to be trapped by the RES in the liver, bone marrow, spleen, and lung,
leading to degradation by activated monocytes and macrophages.?' However,
the RES filtration process sometimes is helpful when the nanoparticles are sup-
posed to target an RES-rich organ.?? The surface charge and size of the nano-
particles may affect RES uptake and biodistribution. Thus efficiently modulating
the surface chemistry, charge, and size of the nanoparticles can avoid RES clear-
ance.?® For example, nanocarriers can be grafted with PEG (polyethylene glycol)
and other surfactant copolymers such as poloxamers that allow the nanoparticles
to exhibit a long circulation time in blood.?* 2> However, excessive PEGylation
can shield the positive charge of the nanoparticle surface and decrease cellular
uptake. For instance, with the increase from 1-2 to 5 mol% PEGylation of siRNA-
lipopolyplexes, the siRNA-mediated gene silencing of PTEN protein in vitro was
eradicated.?® In addition, PEG can induce complement activation which is in-
volved in the clearance of siRNA delivery systems.?” An “accelerated blood clear-
ance (ABC) phenomenon” with loss of long-circulation characteristic was evi-
denced after repeated injections of PEGylated liposomes of approximately 100
nm due to involvement of anti-PEG IgM and substantial complement activation.?®
Ju et al. investigated the levels of anti-PEG antibodies in 130 adults after the
injection of COVID-19 vaccine BNT162b2 produced by Pfizer-BioNTech and
mRNA-1273 produced by Moderna.?® The anti-PEG IgG increased 13.1-fold on
average (MRNA-1273) and 1.78-fold after vaccination with BNT162b2. Addition-
ally, anti-PEG IgM levels increased 68.5-fold (mMRNA-1273) and 2.64-fold
(BNT162b2).2° To overcome the PEG immunogenicity in the future, it is mean-

ingful to find alternatives to PEG.

3.2 Cellular barriers

Once extravasated into the interstitium, siRNA formulations need to cross the cell
membrane and reach the cytoplasm. However, the cell membrane is a formidable
barrier, especially for naked siRNAs. As negatively charged and hydrophilic mac-
romolecules cannot cross cell membranes passively, their cellular uptake is lim-
ited. Therefore, the encapsulation of siRNA with viral or non-viral vectors repre-
sents effective siRNA delivery approaches.
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Following cellular internalization, the endosomal entrapment and lysosomal deg-
radation of siRNA-nanocarrier is a major impediment for non-viral carriers and
often contributes to low transfection efficiency. Thus, a carrier that allows for the
escape from endosomes is essential for gene silencing by siRNA. The nanocar-
riers can escape from the endosome via different mechanisms, although a com-

plete understanding is not achieved yet:

3.2.1 Osmotic rupture

Osmotic rupture is also known as the “proton sponge effect”, which was the first
theory to explain the high transfection efficiency of PEI.3° Once cationic PEI pol-
yplexes are entrapped within endo-lysosomes, the remaining non-protonated
amino groups of the polyplexes can be protonated due to the proton influx medi-
ated by the membrane-bound V-ATPase, thus buffering and delaying the acidifi-
cation within the vesicles. Counter-ion pathways such as chloride channels and
transporters mediate the influx of anions (CI") or efflux of cations (H*) and com-
pensate for the accumulation of protons and thus lead to an osmotic imbalance.3"
32 Moreover, it is hypothesized that the volume of the PEI polyplexes will be en-
larged due to the stronger repulsion of the intramolecular positively charged
amino groups, which is the so-called “umbrella effect”.33 3* The evolving osmotic
imbalance is counteracted by the entrance of water. The continuous swelling of
the endosome and the expansion of the polymer finally results in the bursting of
the endo-lysosomal compartment and the entrapped cargo was subsequently

released within the cytoplasm.3®

Besides PEI, several other cationic polymers were found to act as “proton
sponges”; for instance, poly(amidoamine) (PAMAM) and poly[2-(Dimethyla-
mino)ethyl methacrylate] PDMAEMA. The excellent behavior of PAMAM (pKa 3
to 6) and PDMAEMA (pKa ~ 7.5) were also related to the high buffer capacities
of tertiary amino groups within the polymer structures.3¢ Poly-.-Lysine (PLL) has
poor transfection ability, which is probably caused by the primary amino groups
being fully protonated and its resulting poor buffering capacity below pH 8.37- 38
However, the “proton sponge” hypothesis is still controversially discussed in the

scientific community due to the inconsistency of experimental evidence.3®
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3.2.2 Nanocarrier swelling

Some stimuli-responsive polymers swell in response to pH or ionic concentration
or simply by absorbing water, and this strategy is practically used side by side
with osmotic swelling of the endosome caused by the proton sponge or the pH
buffering effect.®® For example, Lee et al. synthesized a virus-mimetic nanogel
consisting of a hydrophobic polymer core and two layers of a hydrophilic shell.
The core was made of poly(L-histidine-co-phenylalanine), PEG (Mn 2000 Da) as
the inner shell, and bovine serum albumin (BSA) as a capsid-like outer shell. The
size of the nanoparticles at pH 7.4 was 55 nm, but at pH 6.4 the nanoparticles
swelled to 355 nm. The authors suggested that the nanogels could have escaped
from the endosomes by swelling and the buffering effect due to the histidine res-

idue.40

3.2.3 Membrane destabilization

The membrane destabilization effect can be mediated by polyplexes or free pol-
ymers. Different from the “proton sponge” effect, a key characteristic of mem-
brane destabilization is that the endo-lysosomal compartment is intact during and
after the escape. Once the cationic polyplexes are entrapped within an endo-
lysosomal compartment, the polyplexes can be protonated due to the acidic en-
vironment caused by the activity of the membrane-bound ATPases. The proto-
nated polyplexes directly interact with the anionic lipids of the inner membrane
leaflet, which destabilizes the membrane locally to form nanoscale holes from
which the polyplexes finally escape.*'*3 It was hypothesized that a dynamic equi-
librium between dissociated polymer chains and polyplexes supports the poly-
mer-mediated membrane destabilization. The free polymer is assumed to inter-
calate into the cell plasma membrane before endocytosis and the polymer cannot
be cleared. The free polymers interact with the membrane in terms of a “carpet
structure” or polymer-supported membrane holes, as a result, the lipid layer is
imparied, and the nanoparticles are released. 4! 44 This free-polymer mediated
membrane destabilization model may also explain the cytotoxic effects of cationic

polymers.4®
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3.2.4 Membrane fusion

This model of endosomal escape is achieved by the fusion of lipids, peptides, or
proteins with the endosomal membrane. This phenomenon is a typical character-
istic of viruses. The membrane peptide of viruses changes its conformation when
exposed to pH change and allows the virus to fuse with the lipid bilayer mem-
brane of the endosomes.3% 46 For example, the haemagglutinin protein from the
influenza virus undergoes a conformational change upon exposure to low pH in-
side the endosome and fuses with its membrane to allow content leakage into
the cytosol.#” Some peptides such as the HIV-1 fusion peptide gp41 can fuse with
plasma and endosomal membranes at neutral pH.*8 Coupling the fusogenic pro-
teins to cationic polymers has been proven a useful strategy for nucleic acid de-
livery. For example, when Kwon et al. modified PEI with a lytic peptide from the
endodomain of HIV gp41 (HGP), the GAPDH expression in Hela cells was signif-
icantly inhibited compared with unmodified polyplexes and the endosomal es-
cape was observed by confocal microscopy.*® Oliveria et al. added the influenza-
derived fusogenic peptide diINF-7 to a commercially available transfection rea-
gent Lipofectamine™. The endosomal escape of siRNA was strongly promoted
and the inhibition of EGFR expression in human epidermoid carcinoma A431
cells was increased more than 2-fold.?° The incorporation of so-called fusogenic
lipids such as dioleoylphosphatidylethanolamine (DOPE) into a lipoplex can in-
crease the interaction of nanoparticles with the membranes of endosomes, thus
promoting endosomal release.%' %2 Unsaturated cationic lipids can enhance
siRNA delivery and gene knockdown efficacy compared with those containing

saturated cationic lipids.®"
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Figure 2. Proposed mechanism of endosomal escape 1) Osmotic rupture, proton
sponge effect, 2) swelling of nanocarriers, 3) membrane destabilization, 4) mem-

brane fusion (Reproduced with permission. Copyright Springer Nature, 2022)3°

4. Cellular uptake pathway

The affinity of cationic polyplexes to the cell membrane is mostly facilitated by
surface glycoproteins or receptors.%3 5 The uptake of cationic polyplexes, in prin-
ciple, is described by the process of endocytosis, whereby the exact endocytosis
pathway strongly affects the intracellular trafficking of the cargo as well as the
transfection efficiency.3® The endocytosis pathway depends on the size of the
polyplexes, the polymer type, and the cell type.5%-% Clathrin-dependent and inde-
pendent endocytosis, caveolae-dependent endocytosis, and macropinocytosis
are commonly involved in the cellular internalization of cationic polyplexes.58: 59

Both clathrin-dependent and clathrin-independent endocytosis results in the lo-
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calization of polyplexes within early endosomes. The activity of membrane-incor-
porated vacuolar-type ATPases (V-ATPase, proton pump) drops the pH of these
compartments from neutral to a lower pH of 6.5 to 6. From early endosomes,
which are directed to sorting endosomes, the content is recycled back by exocy-
tosis or other intracellular recycling circuits involving the trans-Golgi network. In
addition, the cargo in early endosomes can mature into late endosomes with
lower pH of around 5.5 to 5.0 and finally fuse with lysosomes, which has a lower
pH 5.0 to 4.5 and degrading enzymes (lysosomal hydrolases).®> Autophagy is
another lysosomal-mediated degradation pathway, where maturated autophago-
somes fuse with lysosomes to become an autolysosome responsible for the deg-
radation processes, which plays a critical role in the clearance of misfolded pro-
teins, invaded pathogens,®® damaged organelles or nanomaterials.®! Since au-
tophagy can be induced by endosomal membrane damage, when the polyplexes
escape from damaged endosomes, released polyplexes could still be cleared by

autophagy, thus posing a further challenge for the successful gene delivery.®’

In contrast to clathrin-dependent endocytosis, the polyplexes internalized by
caveolae-mediated endocytosis are surrounded by a neutral pH value and less
hostile environment within the caveosomes. The caveosomes and their cargo
move on to the Golgi apparatus and the endoplasmic reticulum (ER) employing
microtubules.5”- 62 Nevertheless, caveolae are able to interact with early endo-

somes, thus not entirely avoiding the acidification processes.®3

Macropinocytosis was initially defined as the actin-driven non-specific bulk up-
take of extracellular fluid, the hallmark of which is actin-driven membrane ruffling,
leading to the formation of enclosed vesicles with a size greater than 200 nm.%*
More molecular regulators were found governing this process. For instance, Ras,
phosphoinositide 3'-kinase (P13 K), SGEF, ARF6 at the plasma membrane, and
PIKfyve, Rabankyrin-5, SWAP-70, SNX1, SNX9, and SNX18 are associated with
macropinosomes.®® Once polyplexes are internalized into macropinosomes, they
may enter the classical endosomal/lysosomal pathway or be recycled back to the

plasma membrane.5% 66

The fate of the polyplexes and the related transfection efficiency strongly depends
on the cellular uptake pathway. To avoid intracellular expulsion or enzymatic deg-

radation of the nucleic acids, polyplexes should escape from endocytic vesicles
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at an early stage of endocytosis.3® Currently, most nanocarriers enter cells via
several endocytosis pathways by default rather than design. With the rapidly
growing fundamental knowledge of these endocytosis processes, there are op-
portunities to design the polyplexes or other nanocarriers to target specific path-

ways or cells and achieve more efficient siRNA delivery and gene silencing.
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Figure 3. The formation of polyplexes and its endocytosis pathways3® (Repro-

duced with permission. Copyright the Royal Society of Chemistry).

5. Biomaterials in siRNA delivery

Various carriers have been developed for siRNA delivery during the past years.
The nanocarriers for siRNA delivery can be generally divided into two categories,
viral vectors, and non-viral vectors. Viral vectors were first studied for siRNA de-
livery. However, viral vectors can activate immune responses and cause unac-
ceptable toxicity.?> 67 Therefore, non-viral vectors such as synthetic lipids and
polymers have been developed to offer alternatives to viral vectors for nucleic
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acid delivery, and are carefully designed and formulated to avoid immune re-
sponses.® Below, several categories of non-viral vectors are highlighted related

to this thesis and examples of their construction and use are provided.

5.1 Lipids and lipid analogues

Phospholipids are natural components of cell membranes that form lipid bi-
layers.®® Liposomes have been developed as drug delivery carriers and are
widely used to encapsulate small molecule drugs.®® Lipids with single or multiple
cationic centers which can form lipid-based nanoparticles (LNPs) are highly ef-
fective carriers for siRNA delivery.”® For example, Zimmermann et al. utilized lip-
osomes to deliver siRNA systemically to target the apolipoprotein B (ApoB) in
non-human primates, where they found that intravenous injection of an LNP for-
mulation mediated RNAi-mediated gene silencing in cynomolgus monkeys. After
a single siRNA injection for 48 h, the APOB messenger RNA expression in the
liver showed a dose-dependent reduction, with maximal silencing efficiency of
more than 90%.”' The formulation is composed of an ionizable lipid, 1,2-
dilinoleyloxy-N, N-dimethyl-3-aminopropane (DLin-DMA), which is an ether ana-
log of 1,2-dioleoyl-3-(N, N-dimethylamino)propane (DODAP). These studies were
important groundwork for the formulation and approval of Onpattro® but also for
the hast approval of mMRNA vaccines during the COVID-19 pandemic’?. The rep-

resentative cationic lipids were summarized in Figure 4.
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Figure 4. The chemical structure of several representative cationic lipids.

LNPs possess excellent biocompatibility, biodegradability, low toxicity and immu-

nogenicity, structural flexibility, and ease of large-scale preparation.”® Cationic

liposomes have been developed for the treatment of diseases and have shown

promising pharmacological effects in animal models, but their instability in blood

and toxicities are often the major concerns for clinical application.”

5.2 Polycations and polymers

The use of polycations and polymers as intracellular delivery systems for nucleic

acid delivery, including plasmid DNA (pDNA), and siRNA has been studied for

several decades.” 7® The physiochemical properties of polymers can be ration-

ally designed and adjusted through bottom-up chemical synthesis.”” The eventual

structure of the resulting polymer covers linear, branched, hyperbranched, and
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star-shaped molecules which can be fabricated into micelles, polyplexes, poly-
mer-siRNA conjugates, any many more. Some representative polycations and
polymers are summarized in Figure 5, and several of them will be introduced in
detail.
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Figure 5. Polycations and polymers used for nucleic acid delivery in the past 50
years3® (Reproduced with permission. Copyright Royal society of chemistry,
2018)

5.2.1 Spermine and its derivatives

Spermine is a naturally occurring linear tetraamine with two primary amines and
two secondary amines which was first reported as a component of seminal
plasma by Leeuwenhoek in 1678.78 Spermines aid in packaging cellular DNA into
a compact state in eukaryotic cells which is essential in cell growth processes.’®
80 Spermine was first reported to deliver genes into mammalian cells in the early
1960s.8" However, exogenous spermine poorly condenses and transfects nucleic
acids into cells, which could be a result of its low molecular weight (~ 200 Da).8%
83 Polymerization of spermine to increase its molecular weight has been proven
to increase its siRNA delivery. Kolhatkar et al. synthesized star-shaped tet-
raspermine (SSTS) for delivery of an oligonucleotide termed “T-oligo”. SSTS ex-
hibited lower cytotoxicity than spermine and BPEI, and it also facilitated cellular
uptake and nuclear accumulation of T-oligo.?* Lote et al. synthesized bisspermine
and tetraspermines with linear, cyclic, dendritic, and quatrefoil architecture. Den-
dritic tetraspermine exhibited the highest binding affinity of siRNA.8% Similarly,
Elsayed et al. synthesized linear bisspermine, linear tetraspermine, and dendritic
tetraspermine for siRNA delivery.”® They found that the transfection efficiency
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can be enhanced by increasing the degree of polymerization and the charge den-
sity with minimal cytotoxicity. Surprisingly, linear tetraspermine/siRNA polyplexes
showed higher cellular uptake although the polyplexes were almost neutral com-
pared with the dendritic tetraspermine.”® This observation was interpreted as
each molecule of the linear tetraspermine being capable of interacting with more
siRNA molecules than the dendritic tetraspermine, resulting in a better charge
neutralization but better encapsulation and higher cellular uptake of siRNA. The
linear tetraspermine also showed the best gene-silencing efficiency at both

mRNA and protein expression levels.”®

In a different approach, grafting spermine to other polymers was an alternative
and successful strategy for nucleic acid delivery. Chitosan is a family of linear
binary polysaccharides comprised of beta (1-4) linked 2-amino-2-deoxy-beta-p-
glucose (GIcN; p-unit). Chitosan is biocompatible, biodegradable, and low-toxic
with high cationic potential, however, its transfection efficiency is low.8 87 Liang
et al. conjugated spermine to chitosan to synthesize Chitosan-graft-spermine
(CHI-g-SPE).88 CHI-g-SPE copolymer showed high DNA binding capacity and
high protection of DNA from enzymatic degradation. The CHI-g-SPE/DNA poly-
plexes also showed higher GFP expression compared with chitosan/GFP com-

plexes.

5.2.2 Polyethylenimine and its derivatives

Polyethylenimine (PEI) was first synthesized in 1995 and is a commonly used
cationic polymer for nucleic acids delivery, including DNA, siRNA, and oligonu-
cleotides. Two morphologies of PEI, linear PEI (LPEI) and branched (BPEI), are
commercially available with a broad molar mass range from 200 g/mol to 750 000
g/mol. PEI can encapsulate nucleic acids and form polyplexes with sizes of less
than 100 nm, which can transfect cells efficiently both in vitro and in vivo.8® The
25 000 g/mol PEI is the most utilized polymer in gene transfer.®%-°2 Independent
of the structure of PEI, 50% to 55% of the amino groups of PEI can be protonated
as revealed by potentiometric titrations and computational approaches.®? % The
close vicinity (7 A distance between two charges) of the amino groups can cause
electrostatic repulsion which can explain this partial protonation behavior.37: 95 96
The highest buffer capacities of PEI lie between pH 8 and 10 based on the pKa
value. Nevertheless, PEI has a broad buffer capacity from the basic to the acidic
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milieu with pH 4 to 7 (pKa ~ 4.5). These properties enable PEI to achieve efficient
endosomal escape ability via the “proton sponge effect”. PEI offers more efficient
protection against nuclease degradation than other polycations, for example,
poly(L-lysine), possibly due to its high charge density and more efficient complex-
ation. However, the excessive amount of positive charges result in high toxicity
of PEI, which is currently the main obstacle of its application in the clinic. 8 Many
strategies have been proposed to overcome this obstacle. For instance, the
cross-linking of low molecular weight PEI,®”, coupling PEI with hydrophilic or hy-
drophobic molecules,® shielding the positive charge by the decoration of poly-

plexes’ surfaces, and the conjugation of PEI with ligands.®®

Low molecular weight PEI displays low toxicity, yet transfection efficiency is also
low. Inspired by the effective transfection behavior of high molecular weight PEI,
Gosselin et al. cross-linked PElI (Mw 800 Da) with DSP (Dithiobis(succin-
imidylpropionate)) and DTBP (Dimethyl*3,3’-dithiobispropionimidate*2HCI) and
evaluated the transfection efficiency in CHO cells using a luciferase reporter
gene. The results showed that the cross-linking reagent, the extent of conjuga-
tion, and the N/P ratio affect the transfection efficiency of the cross-linked PEI.®’
Similarly, Ge et al. conjugated PEI (Mw 800 Da) with 1,4-butanediol bis(chlorofor-
mate), and the polymer condensed siRNA at an N/P ratio of 38.35 or above. The
nanoparticles achieved around 46.46% gene silencing efficiency in the SMMC-
7721 cell line which stably expresses the GL3 luciferase gene. The nanoparticles
at N/P 115.05 were injected into the SMMC-7721 tumor-bearing mice and inhib-
ited 63.71% of luciferase expression. Dahlman and Barnes et al.'® modified low
molecular weight PEI (~ Mw 600 Da) with C15 epoxide-terminated lipids at a mo-
lar ratio of 1:14 and formulated with C14PEI2000 to produce nanoparticles termed
7C1. 7C1 reduced endothelial gene expression over by 90% at a dose of 0.10
mg/kg and by 50% at a dose of 0.02 mg/kg. Different from traditional lipid-based
nanoparticles, this formulation can deliver siRNA to lung endothelial cells at low
doses without off-target effects in other cells, and organs. 0

Multifunctional ABC type block copolymers consisting of polyethylene glycol
(PEG), a polyester block like poly-e-caprolactone (PCL), and polyethylenimine
(PEI) are alternative carriers for nucleic acids delivery.'0'. 192 PEG is hydrophilic
and its chain is flexible, electrically neutral, and absent of functional groups. Se-
rum protein cannot bind to PEG-modified surfaces, thus the blood circulation time
of PEGylated nanoparticles can be extended.'%® PCL is biodegradable in aque-

ous media and arranges as a hydrophobic core and can thus be a reservoir for
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water-insoluble drugs.'® Endres et al. studied PEG-PCL-IPEI triblock copoly-
mers in detail and utilized low molecular weight PEI (Mw 2500 Da) with various
molecular weights of PEG and PCL segments. The polymers with more hydro-
philic segments assembled into micelle-like structures and diameters of several
tens of nanometers, while the more hydrophobic polymers precipitated into larger
particles with more than 100 nm in. More PEG also led to increased stability and
decreased cytotoxicity.'' Endres and his colleagues also used PEG500-
PCL10000-PEI2500 for siRNA and quantum dot delivery. The nanoparticles
showed a rapid cellular uptake within 2 h and 61 £ 5% knockdown in vitro and 55

+18% knockdown in vivo.10%

Coupling PEI with ligands is another representative strategy for siRNA delivery.
Modifying PEI with targeting ligands can selectively deliver siRNA to specific cells
or organs, thus decreasing the toxicity of the polyplexes and reaching the site of
action. For example, our group developed a conjugate consisting of transferrin
(Tf) and PEI, namely Tf-PEI. The polyplexes prepared from Tf-PEIl demonstrated
optimal physiochemical properties such as size, zeta potential, and siRNA en-
capsulation efficiency. The cellular uptake and gene knockdown efficiency in hu-
man primary ATCs were enhanced. Moreover, Tf-PEI polyplexes selectively de-
livered siRNA to activated T cells in the lung confirmed in a murine asthmatic
model.'% Kandil et al. conjugated the membrane lytic melittin to PEI (Mel-PEIl) to
enhance the endosomal escape of the polyplexes. In combination with Tf-PEI (Tf-
Mel-PEl), the polyplexes delivered plasmid DNA to Jurkat cells successfully and
demonstrated higher transfection efficiencies than Lipofectamine™ 2000. Tf-Mel-
PEI also achieved significant GFP knockdown in H1299-eGFP cells, around 70%
of GAPDH knockdown in Jurkat cells, and 76% GAPDH knockdown in activated
human primary CD4* T cells.'®” Liu et al. synthesized polyethylenimine-graft-pol-
ycaprolactone-block-poly(ethylene glycol)-folate (PEI-PCL-PEG-Fol) to deliver
siRNA to cancer cells. The PEI-PCL-PEG-Fol/siRNA polyplexes showed en-
hanced cellular uptake and gene knockdown in SKOV-3 cells which overexpress
the alpha folate receptor.'% The polyplexes also showed excellent stability in vivo
during the analysis of 2 h and a longer circulation half-life than
hyPEI25kDa/siRNA polyplexes. Due to the effective folate targeting and the pro-
longed circulation, 17% deposition of the i.v. injected siRNA per gram was ob-

served in the tumor after 24 h.198



General Introduction 26

5.2.3 Poly(B-amino ester)s

Poly(B-amino ester)s abbreviated as PBAE or PAE refer to a group of polymers
synthesized from acrylates and amines by a one-pot, atom-economic Michael
addition without the production of any side products.'® In 1983, PBAEs were first
synthesized by Chiellini et al. based on poly(amidoamines) developed by Ferruti
in 1970.11%. 11 The research interest for PBAEs was raised significantly after its
use as a transfection reagent for DNA delivery by Langer’'s group in 2000.'"2
PBAEs with several intrinsic features make them particularly attractive for gene
delivery: PBAEs contain positive charges due to the presence of amino groups
to complex genetic material; the hydrolysis of ester bonds in the polymer back-
bones increases its biodegradability and biocompatibility; the possibility to tailor
the properties (e.g. buffering capacity, pKa value) by combination of different
monomers.'12 113 PBAEs are significantly less toxic than other cationic polymers,
such as PEI,'* poly(L-Lysine) (PLL),""® poly[2-(dimethylamino)ethyl methacry-
alte] (PDMAEMA)."'¢ Nevertheless, increasing the number of carbons in the
backbone or side chain leads to increased cytotoxicity."'” The degradation of
PBAEs under physiological conditions yields small molecular weight and biologi-
cally inert derivatives (B-amino acids) which were determined to be noncytotoxic

compared with PE[.112 114, 118
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Figure 6. Synthesis route of poly(B-amino ester)s by addition of primary or

bis(secondary amine) to diacrylates.

According to the architectures of PBAEs, they can be classified as linear PBAEs,
branched/hyperbranched PBAEs, star-shaped PBAEs, etc. The first generation
of PBAEs refers to a linear architecture, and they are widely used for gene deliv-
ery. Langer’s group heavily investigated the structure-property relationship of
PBAEs. For example, Lynn and coauthors synthesized 140 different PBAEs from
7 diacrylates and 20 amines with molar masses ranging from 2000 to 50 000

Da.'"* Two of them were synthesized from 1,4-butanediol diacrylate with 3-(1H-
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imidazol-1-yl)propan-1-amine, and polymers based on 1,4-cyclohex-
anediylbis(methylene) diacrylate synthesis with 4-amino-1-butanol mediated the
highest gene delivery efficacy and revealed transfection levels 4-8 times higher
than PEL.""* This work was further complemented by Akinc and his colleagues in
2003 and Anderson et al. in 2005."° 120 Several best-performed PBAEs are

shown in Figure 7.
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Figure 7. Several representative PBAEs performed best for gene delivery ac-

cording to literature.

5.3 Others

Besides the lipids and polymers introduced above, many other vectors for siRNA
delivery have been described, for instance, inorganic nanoparticle-based delivery
systems (e.g. nanoparticles composed of gold,'?" iron oxide,'?? mesoporous sil-
ica,'?3 calcium phosphate’* and carbon'?®, etc.). Compared to lipid and polymer-
based nanoparticles, inorganic nanoparticles feature smaller dimensions and
narrower size distributions.'?® siRNA conjugates are another promising siRNA
delivery platform. siRNA molecules can be directly conjugated to a polymer'?” or
targeting ligand.'”® One example consists of clinically used trivalent GalNAc-
siRNA conjugates targeting high capacity ASGPR (asialoglycoprotein receptor)
on the cell surface'® leading to the development of well-defined, single-compo-
nent systems that optimize the minimal use of delivery material and extend the

duration of activity. 30
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6. Aims of the projects

The main aim and task for this Ph.D. thesis was the synthesis of novel polymers
for siRNA delivery. As introduced above, the delivery of siRNA remains chal-
lenged by a lot of barriers. Therefore, developing safe and efficient polymers for
siRNA delivery is an important contribution to this field. To achieve our aims, we
utilized two strategies in general: One is to develop spermine-based poly(B-amino
ester)s for siRNA delivery, and the other one is to synthesize low molecular
weight PEI-based copolymers for siRNA delivery. The aims for each chapter were

summarized as follows:

Chapter 1. This chapter is the starting point of spermine-based poly(B-amino es-
ter)s. The aims are 1) to synthesize the Boc-anhydride protected spermine (tri-
Boc-spermine), which is an essential monomer for the synthesis of spermine-
based PBAEs; 2) to develop the method of synthesizing PBAEs including optimi-
zation of solvents, temperature, reaction time, etc.; 3) to prepare polyplexes with
the PBAEs and characterize them; 4) to evaluate the polyplexes in vitro to deter-
mine the gene silencing efficiency of PBAEs; 5) to asses therapeutically relevant

gene silencing by PBAE polyplexes.

Chapter 2. This chapter is based on the results of Chapter 1, mainly to investigate
if the hydrophobic modification of PBAEs can influence the siRNA delivery and

gene silencing efficiency of PBAEs.

Chapter 3. This chapter is a logical extension of the first two chapters and aimed
at assessing the role of hydrophobic modifications in siRNA delivery to obtain a
deeper understanding of the structure/property relationship of the PBAEs. The
use of the hydrophobic segment oleylamine was inspired by the current use of

unsaturated lipids for siRNA delivery.

Chapter 4. This chapter investigated low molecular weight PEI (LMW-PEI) based
copolymers for siRNA delivery. The aims include 1) developing the nanoparticle
preparation method; 2) synthesis of LMW-PEI-based block copolymers; 3) char-
acterization of nanoparticles; 4) and evaluation of the nanoparticles in vitro to

understand the impact of polymer composition and preparation technique.
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Chapter |

Synthesis and application of spermine-based poly(B-amino ester)s for
siRNA delivery

Yao Jin, Friederike Adams, Lorenz Isert, Domizia Baldassi, and Olivia M. Mer-
kel*

Contributions: | performed all the experiments with support of the coauthors and

wrote the manuscript.

Abstract: Polyethylenimine (PEI) is a highly efficient cationic polymer for nucleic
acid delivery, and although it is commonly used in preclinical studies, its clinical
application is limited due to concerns regarding its cytotoxicity. Poly(B-amino es-
ter)s are a new group of biodegradable and biocompatible cationic polymers
which can be used for siRNA delivery. In this study, we synthesized Boc-pro-
tected and deprotected poly(B-amino ester)s, P(BSpBAE) and P(SpBAE) respec-
tively, based on spermine and 1,4-butanediol diacrylate to deliver siRNA. The
polymers were synthesized by Michael addition in a step-growth polymerization
and characterized via 'TH-NMR spectroscopy and size-exclusion chromatography
(SEC). The polymers can encapsulate siRNA as determined by SYBR gold as-
says. Both polymers and polyplexes were biocompatible in vitro. Furthermore,
cellular uptake of P(BSpBAE) and P(SpBAE)-polyplexes was higher than for
branched PEI (25 kDa) polyplexes at same N/P ratios. P(BSpBAE) polyplexes
achieved 60% eGFP knockdown in vitro, which indicates that the Boc-protection
can improve siRNA delivery and gene silencing efficiency of PBAEs. P(BSpBAE)
polyplexes and P(SpBAE) polyplexes showed different cellular uptake mecha-
nisms, and P(BSpBAE) polyplexes showed lower endosomal entrapment, which
could explain why P(BSpBAE) polyplexes more efficient mediated gene silencing
than P(SpBAE) polyplexes. Furthermore, transfection of an siRNA against mu-
tated KRAS in KRAS-mutated lung cancer cells led to around 35% P(BSpBAE)
to 45% P(SpBAE) inhibition of KRAS expression and around 33% P(SpBAE) to
55% P(BSpBAE) decreased motility in a migration assay. These results suggest
that the newly developed spermine-based poly(B-amino ester)s are promising

materials for therapeutic siRNA delivery.
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1. Introduction
RNA interference (RNAI) is a promising strategy to silence gene expression by

microRNA or small interfering RNA (siRNA)'3'. After the first discovery of RNAI
by Fire and Mello in 1998, RNAi-based therapeutics are now progressing rapidly.
siRNA is a double-stranded RNA of 21-25 nucleotides per strand, which can be
used to mediate RNAi and downregulate overexpressed or pathologically ex-
pressed genes.'3? During the COVID-19 pandemic caused by the SARS-CoV-2
virus, potential sSiRNA sequences against the SARS-CoV-2 genome or accessory
proteins or targeting host factors have been suggested provide alternative ways
in the fight against SARS-CoV-2.133 However, the delivery of siRNA has remained
a challenge. Due to its hydrophilicity, negative charges and high molecular weight
(~13300 g/mol), siRNA duplexed cannot cross cell membrane passively, and thus
their cellular uptake is limited. In addition, siRNA is rapidly degraded in blood and
renally cleared.'*

Numerous siRNA vectors have been developed in the past years, which can be
mainly divided into viral vectors and non-viral vectors. Viral vectors can achieve
high transduction but are associated with many safety problems such as immune
responses and carcinogenesis.'3® Non-viral vectors, such as polycationic poly-
mers including polyethylenimine (PEI), have emerged as favorable candidates
due to their good efficiency at a low commercial cost.'3® However, low-molecular-
weight PEI cannot deliver siRNA effectively, while high-molecular-weight (HMW)
PEI is cytotoxic as a highly charged non-degradable macromolecule. HMW-PEI
has been shown to induce cell necrosis and apoptosis in a variety of cell lines."3”

Poly(B-amino ester)s abbreviated as PBAEs or PAEs refer to a polymer class
synthesized from acrylatic compounds and amine-based monomers by Michael
addition. The first representative of this class was synthesized based on linear
poly(amido amines) by Ferruti et al. in the 1970s and named poly(B-amino ester)
in 2000."2 Prof. Langer’'s group first used this polymer for DNA delivery, and
since then, the interest in poly(B-amino ester) grew significantly.'® PBAEs are

biocompatible, biodegradable and stimuli-responsive, which makes them very
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promising for siRNA delivery.3® PBAEs are biodegradable due to their hydrolys-
able ester bonds, which also decrease their cytotoxicity.'#® The charge-reversible
amine groups can be protonated at specific pH-values and interact with nega-
tively charged cargos electrostatically to deliver them.'#! In addition, PBAEs are
compatible with various other polymers: for example, PEG, PCL, PLA, and other
blocks can be conjugated to PBAESs to form block copolymers.'0°

Spermine is a naturally occurring tetraamine aiding in packaging cellular DNA
into a compact state in eukaryotic cells'?. However, spermine poorly condenses
siRNA and shows a limited siRNA transfection efficiency because of its low mo-
lecular weight. Besides, the endosomal escape of spermine is also limited.”®
Polymerization of spermine to increase its molecular weight has been shown to
be beneficial for siRNA delivery.’: 8

In lung cancer, KRAS (Kirsten rat sarcoma viral oncogene homolog) is the most
frequently mutated gene, and KRAS mutations are found in approximately 27%
of all lung adenocarcinomas.'#3 The activating mutations in KRAS cause consti-
tutive activation of the GTPase protein in the absence of growth factor signaling
and result in a sustained proliferation signal within the cell which is related to the
migration and invasion of cancer cells.’#* The inhibition of mutant KRAS has been
proven to be critical for the successful treatment of lung tumors. 4% 146

In this study, we designed spermine-based poly(B-amino ester)s to deliver
siRNA against mutated KRAS. We tested the encapsulation efficiency of the pol-
ymers, characterized the polyplexes, and evaluated the polyplexes in vitro using
H1299 cells and eGFP expressing H1299/eGFP cells. The endosomal entrap-
ment and cellular uptake pathway of the polyplexes were also investigated. To
achieve a therapeutic relevant gene silencing, siRNA against mutated KRAS
(siG12S) was delivered to KRAS mutated A549 lung adenocarcinoma cells using
P(BSpBAE) and P(SpBAE) polyplexes, and therapeutic efficacy was evaluated

by migration assays and western blot analysis.
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2. Materials & Methods

2.1 Materials
Spermine (Fisher Scientific, Acros, USA), ethyl trifluoroacetate (Sigma Aldrich,

Taufkirchen, Germany), 1,4-butanediol diacrylate (TCI, Japan), di-tert-butyl dicar-
bonate (Sigma Aldrich, Taufkirchen, Germany), chloroform D (Eurisotop, Ger-
many), Deuterium oxide (Sigma Aldrich, Taufkirchen, Germany) were purchased
from the suppliers indicated. Methanol, n-hexane, dichloromethane, isopropanal,
dimethyl sulfoxide (DMSOQO), and dry ice are provided by Ludwig-Maximilians-Uni-
versity Munich.

Branched PEI (25 kDa), HEPES (4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid), thiazolyl blue tetrazolium bromide (MTT), chloroquine diphosphate,
paraformaldehyde solution, 4’, 6-diamidino-2-phenylindole dihydrochloride
(DAPI), FluorSave Reagent, RPMI-1640 medium, fetal bovine serum (FBS), Pen-
icillin-Streptomycin solution, Dulbecco's Phosphate Buffered Saline (PBS), tryp-
sin-EDTA solution (0.05%), and Geneticin (G418) disulfate solution were pur-
chased from Sigma-Aldrich (Taufkirchen, Germany). SYBR Gold Dye, Lipofec-
tamine™ 2000, and Alexa Fluor 488 (AF488) were purchased from Life Technol-
ogies (Darmstadt, Germany).

Amine-modified eGFP siRNA (5-pACCCUGAAGUUCAUCUGCACCACcg, 3'-

AAUCGCGUAUAAUACGCGUat, 3-CAGCAAUUAGCGCAUAUUAUGCG-

CAUAp) were purchased from Integrated DNA Technologies (Leuven, Belgium).
“p” denotes a phosphate residue, lower case letters are 2’-deoxyribonucleotides,
capital letters are ribonucleotides, and underlined capital letters are 2’-O-methyl-
ribonucleotides. siRNA against KRAS G12S (siG12S) was purchased from Eu-

rofins Genomics (Ebersberg, Germany).

2.2 Synthesis and characterization of spermine-based poly(B-amino
ester)s
2.2.1 Synthesis of tri-tert-Butyl Carbonyl Spermine (tri-Boc-spermine)
Tri-Boc-spermine was synthesized according to the literature with slight modi-
fications.'”- 148 Spermine (1 eq.) was dissolved in methanol and stirred at -78 C ,

ethyl trifluoroacetate (1 eq.) was then added into the solution of spermine drop-
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wise, kept stirring at -78 ‘C for an hour and at 0 C for an hour to afford predomi-
nantly the mono-trifluoroacetate (2, Scheme 1). Without isolation, di-tert-butyl di-
carbonate (4 eq.) in methanol was added dropwise into the solution and stirred
at room temperature for 2 days to protect all other amines to afford the tri-Boc-
protected mono-trifluoroacetate (3, Scheme 1). Finally, the pH of the solution was
adjusted to be above 11 by 25% ammonia and stirred overnight to cleave the
trifluoroacetamide protecting group.

The reaction mixture was concentrated in vacuum and the residue was diluted
with dichloromethane (DCM) and then washed with water and saturated NaCl
aqueous solution, before it was dried by MgSOy4, filtered, and DCM was evapo-
rated. After purification by column chromatography (CH2CI2\MeOH\NH3, aq.
7:1:0.1, SiO2, KMnOg4; Rf = 0.413), the desired product tri-Boc-spermine (4,
Scheme 1) was isolated as a colorless oil. Yield: 37%.

"H NMR, 400 MHz, CDCl3: 1.43-1.48 [m, 31H, 6-CH2, 7-CH2, O—C—(CH3)3x3,
overlapping]; 1.65 (m, 6H, 2-CHz, 11-CHz, NH2); 2.68 (t, 2H, 12-CHz); 3.08-3.23
(m, 10H, 1-CH2, 3-CH2, 5-CHz, 8-CH2, 10-CH2). ESI-MS: m/z = 503.37963
(C2sH50N4Os + H)*.

2.2.2 Synthesis of spermine and 1,4-butanediol diacrylate-based poly(8-amino
ester)s

Tri-Boc-spermine (4, Scheme 1) (1 eq.) was mixed with 1,4-butanediol diacry-
late (1 eq.), and stirred at 120 'C overnight. The product was dissolved with DCM,
precipitated in n-hexane, and dried in vacuum to afford polymeric tri-Boc-sperm-
ine- and 1,4-butanediol diacrylate-based poly(B-amino ester) abbreviated as
P(BSpBAE) (5, Scheme 1), which was then characterized by "H NMR spectros-
copy and SEC (measurement relative to polystyrene and in chloroform at 30°C,
4 mg/mL). Yield: 83%.

"H NMR (400 MHz, CDCl3) & 4.20 — 4.01 (m, 4H, 2CHz2), 3.19 (d, 12H, 6CH>),
2.77 (s, 4H, 2CH2), 2.43 (d, 4H, 2CH2), 1.66 (d, 8H, 4CH2), 1.55 — 1.34 (m, 33H,
9CH3+4CHpy).

P(BSpBAE) (5, Scheme 1) was then dissolved in a mixture of trifluoroacetic
acid (TFA) and DCM (TFA: DCM 1:20 v/v) and stirred for 2 h at room temperature
to deprotect amino functional groups. DCM and TFA were evaporated in vacuo,

and the residue was dissolved in distilled water and lyophilized to obtain the final
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product: Spermine- and 1,4-butanediol diacrylate-based poly(B-amino ester) (6,
Scheme 1), which will be termed as P(SpBAE) in short. Yield: 63%.

"H NMR (400 MHz, D20) 8 4.19 (s, 4H, 2CH2), 3.55 (t, 4H, 2CH>), 3.36 (dd, 2H,
CHz), 3.13 (dt, 10H, 5CH2), 2.96 (d, 4H, 2CH2), 2.23 (s, 2H, CH2), 2.09 (p, 2H,
CH2), 1.77 (d, 8H, 4CH>).
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Scheme 1. Synthesis route of spermine and 1,4-butanediol diacrylate based

poly(B-amino ester)s

2.3 Preparation and characterization of polyplexes
The polymer P(SpBAE) was dissolved in distilled water at a concentration of 1

mg/mL, and the polymer P(BSpBAE) was dissolved in acetone due to its limited
solubility in water at a concentration of 10 mg/mL as stock solutions. To prepare
polyplexes (the complexes of siRNA and polymer), various amounts of polymers
calculated according to the respective N/P ratios were first diluted in 50 yL 10
mM HEPES buffer (pH 5.3). Subsequently, siRNA in 50 uL 10 mM HEPES buffer
was mixed with polymer solution via pipetting. After incubation at room tempera-
ture for 30 min, the size and zeta potential of the polyplexes in 10 mM HEPES
buffer were tested using a Zetasizer Nano ZS (Malvern Instruments, Malvern,
UK).

The amount of polymer was calculated according to the following equation:

m (polymer in pg) = n siRNA (pmol) x 52 x N/P x Protonable unit (g/mol),

where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the
molar ratio of the protonable polymer amino groups (N) and the siRNA phosphate

groups (P); The protonable unit was calculated by dividing the molar mass of the
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repeating unit by the number of the protonable chemical groups in each repeating

unit.

2.4 siRNA encapsulation efficiency by SYBR gold assay
To evaluate the siRNA encapsulation capacity of P(BSpBAE) and P(SpBAE),

SYBR Gold assays were carried out.’*® SYBR Gold is a proprietary unsymmet-
rical cyanine dye which can bind with free RNA or DNA molecules and emits
thousand-fold fluorescence upon excitation.'®° In brief, polyplexes were prepared
as described above at N/P ratios 0, 1, 3, 7, 10, 15, and 20. Subsequently, 100 uL
of each polyplex solution was added to a black FluoroNunc 96-well pate (Fish-
erScientific, Darmstadt, Germany). 4X SYBR Gold aqueous solution (30 pyL per
well) was added to each well and incubated for 10 min in the dark. The fluores-
cence intensity was determined using a fluorescence plate reader (Spark,
TECAN, Mannedorf, Switzerland, excitation: 485/20 nm, emission: 535/20 nm.).
The fluorescence intensity of free siRNA (N/P = 0) was used as a control and set

as 100% fluorescence.

2.5 In vitro compatibility assessment
The cytotoxicity of P(BSpBAE) and P(SpBAE) polymers and polyplexes was

evaluated via MTT assays."" In brief, H1299 cells were seeded in 96-well plates
(5000 cells/well). After incubation in a CO2 incubator for 24 h, dilutions of
P(BSpBAE) and P(SpBAE) in RMPI-1640 complete medium were added and in-
cubated to reach a final concentration ranging from 1 to 100 ug/mL, and cells
were grown in the COz incubator for another 24 h. Subsequently, the PBAEs so-
lution was removed and MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium Bromide) in serum-free RPMI-1640 medium was added and incubated at 37
°C for 4 h. Afterwards, the MTT solution was replaced with DMSO and incubated
at room temperature for 30 min. The optical density was finally determined at 570
nm and corrected with background measured at 680 nm using a microplate
reader (TECAN, Mannedorf, Switzerland). The cytotoxicity of polyplexes at N/P

10 was determined accordingly.

2.6 Quantification of cellular uptake
The cellular uptake of P(BSpBAE) and P(SpBAE) polyplexes was quantified by

flow cytometry. The polyplexes were prepared as described above using Alexa
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Fluor 488-labeled siRNA (AF488-siRNA). PEI and Lipofectamine ™ 2000 were
used as controls. H1299 cells were seeded in a 24-well plates (50 000 cells/well).
After incubation in the COz2 incubator (37 C, 5% CO2) for 24 h, polyplexes con-
taining 50 pmol AF488-siRNA at N/P 10 in RPMI-1640 complete medium were
added and incubated in the incubator for 24 h. Subsequently, the polyplexes so-
lution was discarded, and the cells were rinsed with PBS and detached with
0.05% Trypsin-EDTA. The detached cells were then washed with PBS another 2
times and analyzed via flow cytometry (Attune NxT Acoustic Focusing Cytometer,
Thermo Fisher Scientific, Darmstadt, Germany) with or without quenching by Try-

pan blue.

2.7 In vitro eGFP knockdown
To determine if the polyplexes can silence genes on the protein levels, silencing

of the enhanced green fluorescent protein reporter gene (eGFP) was quantified
by flow cytometry. H1299/eGFP cells were seeded in 24-well plates (25 000 cells
in 500 pL medium/well). After growth in the COz2 incubator (37 C, 5% COz) for 24
h, the cells were transfected with P(BSpBAE) polyplexes and P(SpBAE) poly-
plexes composed of scrambled siRNA (siNC, 50 pmol/well) or siRNA against
GFP (siGFP, 50 pmol/well) with or without chloroquine (100 uM). Lipofectamine™
2000 formulated with siNC and siGFP were used as respective control treatment.
After 48h in the incubator, the cells were detached and washed with PBS for flow
cytometry measurements (Attune NxT Acoustic Focusing Cytometer, Thermo

Fisher Scientific, Darmstadt, Germany).

2.8 Endosome entrapment
To visualize the endosomal entrapment behavior of the polyplexes, cells were

imaged by confocal laser scanning microscopy (CLSM) after transfection with flu-
orescent siRNA. In brief, H1299 cells were seeded on 13-mm microscope cover
glasses (VWR, Allison Park, PA, USA) in each well of a 24-well plate (50 000
cells/well). After growth for 24 h, the cells were further incubated with polyplexes
formulated with 50 pmol of Alexa Fluor 488-labeled siRNA (AF488-siRNA) for 24
h. Subsequently, the polyplex containing medium was discarded and 75 nM
Lysotracker Red™ DND 99 (Thermo Fisher Scientific, Darmstadt, Germany) so-

lutions in full medium were added and incubated at 37 ‘C for 1 h in the CO2incu-
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bator. The cells were then washed with PBS twice and fixed with 4% paraformal-
dehyde (PFA) at room temperature for 15 min. After washing with PBS twice
more, the cells were stained with DAPI (1 pg/mL) for 20 min. Finally, the cells
were washed with PBS twice and mounted with FluorSave reagent (Sigma-Al-
drich, Darmstadt, Germany). The fluorescence images were acquired using a la-
ser scanning microscope (Leica SP8 inverted, software: LAS X, Leica microsys-
tems GmbH, Wetzlar, Germany). A diode laser (405 nm), and argon laser (488
nm and 552 nm) were used for excitation. Emission in the blue channel for DAPI
(627 nm — 750 nm), green channel for AF488 (750 nm — 755 nm), and red channel

(755 nm — 760 nm) for lysotracker, were recorded respectively.

2.9 Cellular uptake pathway
To further understand the mechanism behind the different behavior of

P(SpBAE) polyplexes and P(BSpBAE) polyplexes, we investigated the cellular
uptake pathway of both types of polyplexes. KRAS mutated A549 cells were
seeded in 24-well plates 24 h before use (50 000 cells/well). Various inhibitors of
specific pathways, namely nystatin (10 pg/mL), wortmannin (12 ng/mL), chlor-
promazine (10 pg/mL) and methyl-B-cyclodextrin (3 mg/mL) were added, and
cells were incubated in the CO2 incubator at 37 C for 1 h. Polyplexes were sub-
sequently added (50 pmol AF488-siRNA/well, N/P 10) and incubated for 24 h.
After incubation, the polyplex-containing medium was discarded, and the cells
were rinsed with PBS and detached with 0.05% Trypsin-EDTA. The detached
cells were then washed with PBS, quenched with Trypan blue, and analyzed via
flow cytometry (Attune NxT Acoustic Focusing Cytometer, Thermo Fisher Scien-

tific, Darmstadt, Germany).

2.10 Migration assay
To determine therapeutically relevant gene silencing efficiency of the PBAEs,

a migration assay was carried out to evaluate the potential of the polyplexes to
treat lung cancer.#% 152 For this assay, Boyden chambers (VWR, 8 um pore size)
placed in 24 well plates were used. In brief, cells were seeded and transfected
as described in section 2.7. Subsequently, 20 000 transfected A549 cells in 300
pL serum-free RPMI-1640 medium were added to the upper chambers, and 500
pL of complete RPMI-1640 medium was added to the lower compartment. The

plates were incubated at 37 'C and 5% CO:in the incubator for 16 h, after which
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the cells were washed with PBS and fixed with 4% paraformaldehyde for 30 min
at room temperature. Cells on the upper surfaces of the membrane were removed
with a cotton tip, and the membranes were washed 2 times with PBS. Subse-
quently, cells on the bottom surfaces of the membrane were stained with 0.1%
crystal violet prepared in 20% ethanol for 30 min and washed with PBS 5 times
to remove unbound crystal violet. The cells were then dried at 37 'C and observed
under the microscope (Keyence Biozero, Neu-Isenburg, Germany). Per sample,

3 fields were counted per chamber.

2.11 Western blot analysis of KRAS gene silencing
To quantify the ability of PBAE polyplexes to silence mutated KRAS, A549 cells

were seeded in 6-well plates 24 h before use at a density of 2 x 10° cells/well.
P(SpBAE) polyplexes and P(BSpBAE) polyplexes loaded with siNC and siG12S
at a concentration of 50 nM were incubated with the cells at 37 C and 5% COzin
a humidified incubator for 72 h. Cells were then washed with ice-cold PBS and
then lysed in lysis buffer (800 uL RIPA buffer, 100 uL Phosphatase inhibitor, and
100 pL Protease inhibitor). The extracted protein was determined by Bradford
reagent (Bio Rad, America), and equal amounts of protein were subjected to
SDS-PAGE (Novex Wedgewell 10% Tris-Glycine Gel). Separated proteins were
transferred to a nitrocellulose membrane (Amersham™ Protran®), which was
then exposed to 5% nonfat milk TBST solution (Tris-buffered saline pH 8.0 + 1%
Tween 20) for 1 h at room temperature and incubated with antibodies against
KRAS (Proteintech, Germany) overnight at 4 C. The membranes were washed 3
times with 1% TBST and then incubated with horseradish peroxidase (HRP)-con-
jugated goat anti-rabbit antibodies (Proteintech, Germany) at 4 °C for about 7
hours. Chemiluminescence reagents were finally applied to the membrane and
photographed immediately with the ChemiDoc imager (Bio-Rad, Feldkirchen,
Germany). The membrane was then treated with stripping buffer for 15 min,
washed with TBST, and blocked with 5% nonfat milk TBST solution, stained with
a primary antibody against histone 3 (Santa Cruz Biotechnologies, Heidelberg,
Germany) at 4 ‘C overnight, and then with an HRP-conjugated donkey anti-mouse
antibody (Santa Cruz Biotechnologies, Heidelberg, Germany), before it was im-

aged in a GelDoc XR (Bio-Rad, Feldkirchen, Germany).
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3. Results & Discussion

3.1 Synthesis and characterization of spermine-based poly(f-amino
ester)s
To synthesize the target poly(B-amino ester)s, we first converted spermine to

the monomer tri-Boc-spermine using a literature procedure.

Tri-Boc-spermine was then polymerized with 1,4-butanediol diacrylate. As
shown in Figure 1B, the shift of the peak at 4.09 ppm (4.20 ppm in 1,4-butanediol
diacrylate) and the new signal at 2.39 ppm indicated that tri-Boc-spermine was
conjugated with 1,4-butanediol diacrylate. The peaks at 5.8 to 6.4 ppm belong to
the terminal acrylate group. The peaks at 0.88 and 1.25 ppm belong to the resid-
ual n-hexane, which does not influence the next step and was further removed in
vacuum before use. The product P(BSpBAE) was then analyzed by SEC, and a
molar mass (Mn) of 3600 g/mol and a polydispersity of 1.73 were determined. The
polymer was further treated with TFA to deprotect the Boc-protection groups, and
the product P(SpBAE) as a TFA salt was obtained according to the *C NMR
(Figure S4). As shown in Figure 1C, the disappearance of the peak at 1.43 ppm

indicated that N-Boc groups were removed.
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Figure 1. '"H NMR of (A) tri-Boc-spermine in CDCIs; (B) P(BSpBAE) in CDCl3; (C)
P(SpBAE) in D20

Polymer characteristics and results of the polymerization reactions in this study
are summarized in Table 1.
Table 1. Step-growth polymerization (polyaddition) of tri-Boc spermine and 1,4-

butanediol diacrylate and deprotection of the resulting polymer.

Polymer Sol- Time Yield Mn (Da) b Protonable
vent (h) (%) unit

P(BSpAE) 581 neat 15 83 3600 1.73[¢ 350

P(SpBAE) 6!  DCM 2 63 38001 / 186

[a] reaction conditions: neat, 120 ‘C, overnight, the molar ratio of spermine and
1,4-butanediol diacrylate is 1:1. [b]: reaction conditions: polymer 5, TFA, DCM,
room temperature, 2 h. [c]: Mnand D was assessed via SEC (measurement rela-
tive to polystyrene and in chloroform at 30 C). [d]: molecular weight was calcu-
lated on the basis of SEC of polymer 5 (Figure S3) and the theoretical chemical

structure of polymer 6.

Poly(B-amino ester)s (P(BSpBAE) and P(SpBAE)) were synthesized via Mi-
chael-addition-based step-growth polymerization. To obtain a high molecular
weight polymer, the monomers must be pure and the stoichiometric ratio of the
monomers should be 1:1.7% Although different ratios of the monomers have been
reported in the literature to obtain polymers with different terminal groups, accord-
ing to the reaction kinetics, monomers with ratio 1:1 often lead to the highest
molecular weight/conversion.''® 1% The reaction temperature of synthesizing
PBAEs in the literature ranged from 45 °C to 120 'C, and the reaction time ranged
from 5 hours to 5 days. High reaction temperature usually corresponds to short
reaction time.15 120. 155 The widely used solvents for PBAE synthesis are dichloro-
methane (DCM), tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO). Langer’s
group compared DCM and THF on the basis of the solubility of their monomers
and found that the reaction in DCM yields higher molecular weight polymers.''2
120 DMSO was also common for PBAEs synthesis due to the cytotoxicity of halo-
genated solvents, especially when the resulting PBAE was used directly without
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further purification.9 1% |n addition to optimizing solvents, a high concentration
of monomers in the absence of solvents can also lead to high molecular weight
PBAESs, shorter reaction time, and less intramolecular cyclization.'% 155 Here, we
synthesized P(SpBAE) without any additional solvents, as the reactions in DCM
and THF does not lead to desired polymers, which could be due to the low boiling
point of the two solvents and low reaction temperature, and the yield in DMSO

was too low in our case (data not shown).

3.2 siRNA encapsulation efficiency
SYBR® Gold stain is a proprietary unsymmetrical cyanine dye that which can

bind to double- or single-stranded DNA or RNA and exhibit high fluorescence
intensity upon excitation. %0 Here we used the fluorescence of free siRNA as the
negative control (100% free siRNA), and the free siRNA in other samples was
calculated by dividing their fluorescence intensity by the negative control. As
shown in Figure 2, in case of P(SpBAE) polyplexes, the siRNA was fully encap-
sulated from N/P 2 on, while P(BSpBAE) polyplexes encapsulated siRNA most
efficiently at N/P 10. This observation can be explained by the primary amines
and secondary amines in P(BSpBAE) being protected by the N-Boc groups. The
amide usually does not contribute to encapsulation of siRNA, hence decreasing

encapsulation efficacy on the basis of overall polymer weight.
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Figure 2. siRNA encapsulation profiles of polyplexes measured by SYBR Gold
assays at various N/P ratios. 100% values (N/P = Q) are represented by the de-
termined fluorescence of uncondensed free siRNA (data points indicate mean +

SD, n = 3).
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In fact, despite their decreased encapsulation efficiency due to the lack of pri-
mary and secondary amines, the overall performance of poly(B-amino ester)s
may not be affected negatively. Professor Langer’'s group published extensive
research on the structure-function relationship of poly(B-amino ester)s. They
found that the polymers synthesized from 1,4-butanediol diacrylate with 2-(piper-
idin-1-yl) ethan-1-amine and cyclohexane-1,4-diylbis(methylene) diacrylate with
4-aminol-1-butanol were most promising and had 4-8 times the transfection effi-
cacy of poly(ethylene imine) (PEI).""® In those polymers, the amines are mainly
tertiary amines. Other poly(B-amino ester)s containing mainly tertiary amines
were also synthesized and widely used by different groups. For example, Kim et
al. utilized 4-amino-1-butanol to synthesize PBAE. They also modified the PBAE
with PEG to enhance the stability and transfection efficiency of the polymer.'s’
Kozielski and coauthors synthesized a bioreducible linear PBAE with 4-amino-1-
butanol and bis(2-hydroxyethyl) disulfide reacted with acryloyl chloride. The re-
peating unit of the polymer contained only tertiary amines but achieved 92% GFP

knockdown without measurable loss in metabolic activity in GBM 319 cells.%8

3.3 Characterization of the polyplexes
As shown in Figure 3, the size (hydrodynamic diameter) and zeta potential of

the polyplexes were measured by dynamic light scattering and laser Doppler an-
emometry. The N/P ratio has a significant influence on the size and zeta potential
of the polyplexes. For P(SpBAE) polyplexes, the size ranged from 65.61 nm to
209.1 nm; for P(BSpBAE) polyplexes, the size ranged from 55.13 nm to 92.25

nm except the formulation at N/P 7 with a size of 764.1 nm.
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Figure 3. (A) Hydrodynamic diameter of P(BSpBAE) polyplexes; (B) Zeta poten-
tial of P(BSpBAE) polyplexes; (C) Hydrodynamic diameter of P(SpBAE) poly-
plexes; (D) Zeta potential of P(SpBAE) polyplexes. (Size and zeta potential, mean
+ SD, n =3, PDI, mean, n = 3).

The size of the polyplexes depends on the property of the polymer and the
amount of polymer used in a formulation. siRNA cannot be condensed efficiently
at low N/P ratios, while when the N/P ratio is too high, the free polymer may cause
sedimentation. For both P(BSpBAE) and P(SpBAE), the polyplexes with the low-
est PDI formed at the N/P ratio where the siRNA was just most efficiently encap-
sulated. For instance, according to the SYBR gold assay of P(BSpBAE), approx-
imately 90% of the siRNA is encapsulated at N/P 10, and the PDI of polyplexes
at N/P 10 was 0.044, which is the lowest for these polyplexes among the different
N/P ratios tested. Similarly, for P(SpBAE), the siRNA was fully encapsulated at
N/P 3, and the polyplexes of N/P 3 showed the lowest PDI 0.238. The size of
P(BSpBAE) polyplexes at N/P 7 was large, which could be caused by aggrega-
tion of negatively and positively charged polyplexes present at N/P 7. From N/P
7 to N/P 10, the zeta potential of the polyplexes switches from negative to positive.
It is therefore also possible that neutral polyplexes are formed whose net charge

is insufficient to stabilize the polyplexes, resulting in aggregation.
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3.4 In vitro compatibility
MTT assays were performed to investigate the polymers’ and polyplexes’ bio-

compatibility. As shown in Figure 4, PBAEs and PEI had comparable cell viability
at low concentrations from 1 ug/mL to 5 ug/mL. However, above 10 pg/mL, PEI
caused stronger cytotoxicity than the poly(B-amino ester)s P(SpBAE) and
P(BSpBAE), confirming better biocompatibility of the poly(B-amino ester)s com-
pared with PEI. All polyplexes mediated cell viability above 80% in H1299 cells,
which indicated that the polyplexes were biocompatible. However, for the PBAE
polyplexes, larger weight amounts of polymer are necessary, resulting in slight

differences regarding polyplex biocompatibility.

120-
E3 P(SpBAE)

&8 P(BSpBAE)
@ PEI

Cell viability %

Cell viability %

pg/mL

Figure 4. Cell viability of polymers and polyplexes determined by diemthylthia-
zolyl blue diphenyltetrazolium bromide (MTT) assay in H1299 cells.

3.5 Cellular uptake
The cellular uptake of P(BSpBAE) polyplexes and P(SpBAE) polyplexes was

determined by flow cytometry with or without trypan blue quenching. As shown in
Figure 5, there is no significant difference between unquenchend and quenched
samples, which confirms cellular polyplex internalization, rather than adsorption
on the surface of the cells. The uptake of P(SpBAE) polyplexes was 60 times
higher than that of free AF488-siRNA (negative control), while the uptake of
P(BSpBAE) polyplexes was 865 times higher than the negative control, 14 times
higher than that of P(SpBAE) polyplexes, and 49 times higher than that of PEI
polyplexes. The uptake of P(BSpBAE) polyplexes was even 2.77 times better
than Lipofectamine ™ 2000 with the same amount of siRNA (50 pmol AF488-
siRNA) for each well.
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Figure 5. Cellular uptake of polyplexes quantified by flow cytometry and pre-
sented as median fluorescence intensity corrected by autofluorescence of un-
treated blank cells (H1299 cells, AF488-siRNA).

The uptake of P(SpBAE) polyplexes at N/P 1 to 20 was also determined (Figure
S$1). The cellular uptake depended on the N/P ratios, and higher N/P ratios often
lead to higher cellular uptake regardless of the high PDI. This observation can be
explained by the positive charge of the polyplexes enhancing the interaction with
the negatively charged cell membrane. However, too much positive charge also
leads to cytotoxicity and thus a lower cellular uptake in viable cells. Besides
charge, the amphiphilicity of a polymer and its resulting polyplexes is crucial and
has a significant influence on their cellular uptake. In this experiment, P(BSpBAE)
is hydrophobic, while P(SpBAE) is hydrophilic. Although the siRNA encapsulation
efficiency of P(BSpBAE) is lower than that of P(SpBAE) according to the SYBR
gold assays (Figure 3), the P(BSpBAE) polyplexes still achieved much higher

cellular uptake.

3.6 In vitro eGFP knockdown
To evaluate the gene silencing efficiency of such hydrophobic and hydrophlic

polyplexes on the protein level, we utilized H1299/eGFP cells that stably express
the enhanced green fluorescent protein reporter gene (eGFP). Chloroquine (CQ)
used as an anti-malaria drug has been a focus of research for its contribution to
the endosomal escape process, and it has been proposed to increase endosome

escape through several mechanisms.’® Chloroquine diffuses across the cell
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membrane and into endosomes passively, as the pH drops in endosomes, it be-
comes protonated and trapped inside the endosome resulting in a dramatic in-
crease in its endosomal concentration. It is thought to insert a hydrophobic motif
into the lipid bilayer and lyse the endosome at a critical concentration. 6% 161 As
shown in Figure 6, Lipofectamine™ 2000 (LF) was used as a positive control. In
transfection experiments without chloroquine, P(SpBAE) polyplexes mediated
only 4.91% of knockdown which is not significant in statistics, while P(BSpBAE)
polyplexes had a knockdown efficiency of 58.48%. After chloroquine treatment,
the knockdown efficiency of P(SpBAE) polyplexes was 86.56%, which indicates
that the P(SpBAE) polyplexes were entrapped in endosome/lysosomes. How-
ever, the fluorescence intensity of cells transfected with P(SpBAE)-siNC poly-
plexes also decreased after treatment with chloroquine which might be a sign of
cytotoxicity. The knockdown efficiency of P(BSpBAE) polyplexes, on the other
hand, increased to 91.61% with the treatment of chloroquine without visible signs

of increased cytotoxicity.

60000+

Median
fluorescence intensity

Figure 6. Enhanced green fluorescent protein (eGFP) knockdown of P(SpBAE)
polyplexes and P(BSpBAE) polyplexes in H1299 cells expressing eGFP quanti-
fied by flow cytometry as median fluorescence intensity (Mean = SD, n = 3, One-

way ANOVA with Bonferroni multiple comparison test, “'p < 0.001, "sp > 0.05).

Chloroquine enhanced the knockdown of P(BSpBAE) and P(SpBAE) poly-
plexes, which means both of the polyplexes are not released from the endosome
efficiently. However, the GFP knockdown efficiency of P(SpBAE) polyplexes with
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chloroquine was improved by a factor 17.6 times compared to the samples with-
out chloroquine treatment. On the other hand, the knockdown efficiency of
P(BSpBAE) polyplexes with chloroquine was only 1.57 times increased com-
pared with samples without chloroquine treatment. This indicates that the
P(BSpBAE) polyplexes may be less subject to endosomal entrapment than the
P(SpBAE) polyplexes.

3.7 Endosome Entrapment
To find the mechanism behind the efficient knockdown of P(BSpBAE) poly-

plexes, the endosomal entrapment of the polyplexes was visualized via confocal
laser scanning microscopy (CLSM). As shown in Figure 7, more AF488-siRNA
P(BSpBAE) polyplexes seemed to reach the cytoplasm than P(SpBAE) poly-
plexes. This result is in line with the results obtained by flow cytometry. The
P(BSpBAE) polyplexes were also distributed in other cell organelles. The colo-
calization of P(SpBAE) polyplexes with lysosomes (yellow dots in the merged
figure) was more than that of P(BSpBAE) polyplexes, which indicates that the
P(BSpBAE) polyplexes may have a better ability of endosomal escape. The col-
ocalization coefficient was analyzed in Image J, which also confirmed that
P(BSpBAE) polyplexes colocalized less with endosome/lysosomes than
P(SpBAE) polyplexes.
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Figure 7. (A) Confocal images after treatment of H1299 cells with P(SpBAE) pol-
yplexes and P(BSpBAE) polyplexes formulated with AF488-siRNA and stained
with Lysotracker red™ DND 99 and DAPI. (B) Pearson’s coefficient analyzed via
Image J (Mean + SD, n = 3, Unpaired T test, ‘p < 0.05).

Endosomal escape is one of the critical hurdles to successful intracellular de-
livery of nucleic acid-based therapeutics. Nanoparticles internalization must be
followed by endosomal escape. Otherwise, endosomal entrapment renders the
nanocarriers and their cargo useless as it is degraded via the endo/lysosomal
pathway.'2. 163 One of the most common strategies for endosomal escape is the
hypothesized “proton sponge effect”. The sponges, which typically are polyam-
ines, can absorb free protons in endosomes. As the absorbed protons accumu-
late, chloride will then begin to diffuse into the endosome as a compensation to
restore the equilibrium potential which raises the osmotic pressure inside the ves-
icle. This causes the endosome/lysosome to swell and expand until a critical area
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strain is passed, and finally the lipid bilayer membrane ruptures and the poly-
plexes are released without degradation.'64

Interestingly, the P(BSpBAE) polyplexes seem to have a better endosomal es-
cape ability although lacking amines. We assume that this may due to the partial
removal of N-Boc groups in acidic endosome/lysosomes. N-Boc group is a com-
mon amine protecting group, which is stable in neutral to basic environment but
is unstable and removable in an acidic environment. When N-Boc groups are
removed in endosome/lysosomes, the amines can be protonated and thus en-
hance the “proton sponge effect”. The P(BSpBAE) polyplexes also achieved en-
dosomal escape via other mechanisms. For example, the polyplex-mediated es-
cape theory. In brief, the charged polyplexes interact directly with the anionic
phospholipids of the inner membrane leaflet leading to membrane destabilization
and nanoscale holes within the membrane and then vector escape from these
holes.3% 43 Another similar theory is that the endosomal escape could be a result
from free polymer-mediated membrane permeability and nanoscale hole for-
mation. It was hypothesized that there is a dynamic equilibrium between dissoci-
ated polymer chains and polyplexes, and free polymer chains intercalate in the
membrane of endo-lysosomes and cause membrane disintegration and hole for-
mation.3% 185 |t is also possible that due to the hydrophobicity of N-Boc groups,
the polyplexes were internalized into the cells via a different pathway which re-

sults in less entrapment in endosome/lysosomes.

3.8 Cellular uptake pathway
Four cellular uptake inhibitors were applied in this experiment to investigate the

cellular uptake pathway. Specifically, nystatin can inhibit the internalization of
caveolae and lipid rafts through the depletion of cholesterol in the cell membrane;
wortmannin can block macropinocytosis; methyl-B-cyclodextrin inhibits the lipid
raft-dependent endocytic pathway by interfering with cholesterol synthesis and
decomposing cholesterol; chlorpromazine blocks clathrin-mediated endocytosis
through destroying cell surface clathrin and the AP2 complex.'4% 186 As shown in
Figure 8, the P(SpBAE) polyplexes and P(BSpBAE) polyplexes showed different
behavior after the treatment with these four inhibitors. Nystatin had almost no
influence on the cellular uptake of P(SpBAE) polyplexes but decreased the up-
take of P(BSpBAE) polyplexes’ by 70%; while wortmannin had no inhibition effect
on the cellular uptake of P(BSpBAE) polyplexes, it inhibited the cellular uptake of
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P(SpBAE) polyplexes by about 50%; Methyl-B-cyclodextrin strongly inhibited the
uptake of both P(SpBAE) polyplexes and P(BSpBAE) polyplexes; Chlorproma-
zine decreased the uptake of P(SpBAE) polyplexes by 71.06% but that of
P(BSpBAE) polyplexes only by only 32.97%.
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Figure 8. Cellular uptake of P(SpBAE) and P(BSpBAE) polyplexes (N/P = 10)
after treatment with inhibitors nystatin, wortmannin, chlorpromazine, and methyl-
B-cyclodextrin (M-B-CD). (Results are shown as mean = SD as a percentage of
median fluorescence intensity normalized to non-inhibited samples, n = 3, two-
way ANOVA with Bonferroni post-hoc test, “"p < 0.001, "p > 0.05.)

These results indicate that P(SpBAE) polyplexes were mainly internalized via
macropinocytosis, lipid raft-dependent, and clathrin-dependent endocytic path-
ways; P(BSpBAE) polyplexes, on the other hand were internalized mainly via
caveolae and lipid raft-dependent endocytosis. Caveolae-dependent endocytosis
is reported to have the potential to bypass lysosomes, and many pathogens in-
cluding viruses and bacteria in fact select this pathway to avoid lysosomal deg-
radation. Therefore, this route is believed to be beneficial for enhanced therapeu-
tic effects.'®” While clathrin-dependent endocytosis usually leads to endoso-
mal/lysosomal localization.'®® These differences in intracellular trafficking could
explain why P(BSpBAE) polyplexes resulted in less endosomal entrapment and

higher GFP knockdown efficiency.

3.9 Migration assay
KRAS (Kirsten rat sarcoma virus) is a gene that provides instructions for a pro-

tein called K-Ras, which relays signals from outside the cell to the nucleus. The
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signals instruct the cell to grow and proliferate or to mature and differentiate. It is
called KRAS because it was first identified as a viral oncogene in the Kirsten Rat
Sarcoma Virus.'®® KRAS is the most frequently mutated gene associated with
lung cancer, and the activating mutations in KRAS result in constitutive activation
of the GTPase protein in the absence of growth factor signaling, resulting in a
sustained proliferation signal within the cell which is related to the migration and
invasion of cancer cells.'#** To achieve therapeutically relevant gene silencing, we
used a siRNA sequence targeting a KRAS mutant, namely KRAS G12S. As
shown in Figure 9, cells transfected with the siG12S encapsulated polyplexes
showed less migration than cells transfected with the negative controls. Specifi-
cally, formulations with P(SpBAE)-siG12S inhibited about 32.57% of the migra-
tion, while P(BSpBAE)-siG12S inhibited about 55.11% of the migration.
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Figure 9. (A) The crystal violet staining of migrated A549 cells. (B) The
percentage of the migrated cells was quantified by counting three fields per
chamber and compared with controls (One way ANOVA, n =3, 'p <0.05, "'p <
0.001).

Interestingly, P(SpBAE) polyplexes did not mediate a significant GFP
knockdown but were able to inhibit the migration of A549 cells. It was
hypothesized that although P(SpBAE) polyplexes did not achieve a knockdown
on protein level, they were yet able to change the status of the cells, for example,
the signal transduction, thus leading to an inhibition of the migration. It is also
possible that transfection of A549 cells with P(SpBAE) polyplexes was in general
more efficient than transfection of H1299 cells or that a smaller gene silencing
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effect of KRAS resulted in a more visible effect than eGFP silencing measured
by flow cytomatry. The gene silencing efficiency is also related to the siRNA. It is
thus possible that the siRNA against KRAS has a higher efficiency than the siRNA
against GFP, thus the cytoplasmatically released siRNA delivered by P(SpBAE)
polyplexes was able to achieved a KRAS knockdown and inhibited the migration
of A549 cells. To observe the KRAS knockdown on protein level and investigate

which assumption is correct, a western blot experiment was performed.

3.10 Western blot analysis
Western blot analysis was conducted to investigate if the P(SpBAE) polyplexes

and P(BSpBAE) polyplexes can knock down KRAS on the protein level. As shown
in Figure 10, both P(SpBAE) polyplexes and P(BSpBAE) polyplexes
downregulated the expression of KRAS compared with the housekeeping gene
Histone 3. P(SpBAE) polyplexes did not knock down GFP significantly but
inhibited the expression of KRAS. To understand the underlying principles of this
phenomenon, we determined the cellular uptake of P(SpBAE) and P(BSpBAE)
polyplexes in A549 cells. PEI and Lipofectamine™ 2000 were used as controls
(Figure S2). The cellular uptake of P(BSpBAE) polyplexes was still higher than
P(SpBAE) polyplexes. However, the cellular uptake of P(BSpBAE) polyplexes
decreased compared with its behavior in H1299 cells, and the cellular uptake of
P(SpBAE) polyplexes increased. This result could explain why P(SpBAE)
polyplexes did not efficiently mediate GFP knockdown in H1299 cells but caused
therapeutically relevant KRAS knockdown in A549 cells as shown in the migration
assay. The phenomenon that nanoparticles show different behavior in different
cell lines was also reported by other researchers. For example, Kim et al. inves-
tigated the transfection efficiency of DOTAP-liposomes with different
DOTAP/DOPE ratios in different cell types including Huh7, AGS, COS7, and
A549. They found that the formulation T1P0O and T3P1 showed higher luciferase
activities than T1P1 or T1P3 in Huh7 and AGS cells. However, the transfection
efficiencies of T3P1 and T1P1 were higher than those of T1P0 and T3P1 in COS7
cells. These results implied that specific cell lines can favor certain lipid compo-
sitions in gene delivery and the transfection efficiency is cell-line dependent.'”°
The good performance of P(SpBAE)-siG12S polyplexes could also be due to the
higher knockdown efficiency of the siRNA sequence siG12S. The knockdown
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efficiency of siRNA is related to its length, nucleotide composition, and the

distance of the target region to transcription start site.'”"
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Figure 10. Western blot analysis of KRAS protein expression in A549 cells.

Histone 3 was used as the loading control.

4. Conclusion
In this project, we have synthesized spermine-based poly(B-amino ester)s suc-

cessfully. The PBAEs polymers were more biocompatible than PEI and were able
to encapsulate siRNA and delivery siRNA efficiently. Interestingly, we observed
that the PBAEs before removing the N-Boc protection groups P(BSpBAE) medi-
ated much higher cellular siRNA uptake and GFP knockdown efficiency, benefit-
ing from different cellular uptake mechanisms and lower endosomal entrapment.
This indicates that the Boc-protection of the polymer could be beneficial for siRNA
delivery and gene silencing efficiency. The PBAE polyplexes encapsulating
siRNA against KRAS also showed promising results, which indicates the potential
application of spermine-PBAEs for therapeutic purposes. Taken together, the
spermine-based poly(B-amino ester)s are very promising for siRNA delivery and
RNAi-based therapeutics.
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Figure S1. Cellular uptake of P(SpBAE) polyplexes quantified by flow cytometry
and presented as median fluorescence intensity corrected by autofluorescence
of untreated blank cells (H1299 cells, AF488-siRNA)
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Figure S2. Cellular uptake of P(SpBAE) polyplexes quantified by flow cytometry
and presented as median fluorescence intensity corrected by autofluorescence
of untreated blank cells (A549 cells, AF488-siRNA)
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ABSTRACT: Small interfering RNA (siRNA) can trigger RNA interference (RNAI)
to therapeutically silence disease-related genes in human cells. The approval of
siRNA therapeutics by the FDA in recent years generated a new hope in siRNA
therapeutics. However, their therapeutic application is still limited by the lack of
safe and efficient transfection vehicles. In this study, we successfully synthesized
a novel amphiphilic poly(B-amino ester) characterized by '"H NMR and gel per-
meation chromatography (GPC, Mn = 5987 Da). The polymer encapsulates
siRNA quantitatively from N/P 5 on as assessed by fluorescence intercalation. Its
biocompatibility and cellular delivery efficacy were also higher than those of com-
monly used cationic polymer polyethylenimine (PEI, 25 kDa). Optimized formula-
tions mediated around 90% gene silencing in enhanced green fluorescence pro-
tein expressing H1299 cells (H1299-eGFP) as determined by flow cytometry.
These results suggest that our spermine-based amphiphilic poly(B-amino ester)

is a very promising candidate for efficient functional siRNA delivery.

1. Introduction
Small interfering RNA (siRNA) is a double-stranded macromolecule with a

length of 19-21 nucleotides per strand used to trigger the innate RNA interference
(RNAI) mechanism to degrade complementary mRNA molecules for a subse-
quent decrease in gene expression.'”? RNAi therapy has preclinically been

demonstrated promising for the treatment for many diseases, for example,
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chronic myeloid leukemia,”?non-small cell lung cancer, 5 skin melanoma,'”3 and
many others. It also has the potential to treat COVID-19 caused by SARS-CoV-
2 virus infections.”* 175 Additionally, Several siRNA-based products are already
approved by the FDA, and many additional siRNA-drugs are in different stages
of clinical trials.'”® However, the physiochemical properties of siRNAs including
their macromolecular characteristics, hydrophilicity, net negative charge, enzy-
matic degradation by serum endonucleases such as RNases, and rapid renal
clearance of siRNA require the combination of bioactive sequences with effective
delivery systems.?’

Cationic polymers have shown promise for nucleic acid delivery given their abil-
ity to self-assemble with anionic siRNA into condensed nanoparticles (polyplexes)
with efficient encapsulation capacity. Various cationic polymers have been devel-
oped as nonviral nucleic acid vectors during the past three decades, for example,
polyethylenimine (PEIl), chitosan, inulin, poly-L-lysine, and many more.8 Poly(B-
amino ester)s (PBAE)s refer to polymers synthesized from acrylate compounds
and amine-containing monomers by Michael addition-based step growth
polymerization and have drawn people’s attention after their first application for
transfection in 2000 due to their inherent biocompatibility, biodegradability, and
stimili-responsiveness.''> 139 The first generation of PBAEs contains linear
PBAEs (LPAEs), and a variety of LPAEs has been established and proven to be
promising for gene delivery. However, the delivery of siRNA is bears new chal-
lenges in comparison to plasmid DNA because siRNA is linear and short with a
rigid structure, which affords limited molecular entanglement points to electrostat-
ically bind to cationic polymers.'”” Therefore, high polymer/siRNA weight ratios
are reported to be required to fully condense siRNA and enable efficient trans-
fection.'”® Hyperbranched and branched PBAEs (HPAEs) have a high density of
branching linkers, and the resulting three-dimensional globular shape and multi-
ple chain-end groups have the potential of high siRNA encapsulation efficiency.
However, HPAEs with strong nucleic acid binding affinity may restrict the intra-
cellular siRNA release, thus hampering siRNA-mediated gene silencing effi-
ciency.'”” Environment responsive disulfide linkages containing HPAEs were
thus designed and provided promising applications for anti-inflammatory siRNA
delivery and for efficient cancer gene therapy in approaches of furthering HPAE

efficacy. 177. 179
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Spermine is a naturally occurring, biocompatible polycation with primary and
secondary amines spaced by methyl groups and has high affinity toward nucleic
acids.® 1% The essential role of spermine in eukaryotic cells is to aid in packaging
cellular DNA into a compact state.”® '8 However, spermine shows a limited
siRNA complexation ability and efficiency for transfecting nucleic acids because
of its low molecular weight (~ 200 Da).”® In addition, spermines yield limited en-
dosomal escape despite of their good proton-buffering capacity.® The polymeri-
zation of spermine to increase its molecular weight can improve the products’
buffering capacity as well as enhance the endosomal escape and transfection
efficiency of spermine polyplexes.82 181 |n this regard, Lote et al. synthesized a
variety of oligospermines and found that the molecular weight of the linear oligo-
spermines had a pronounced effect, while the molecular architectures influenced
the siRNA encapsulation profiles.®5 Duan et al. synthesized a polyspermine imid-
azole-4,5-amide (PSIA), and the resulting PSIA-polyplexes were able to achieve
high cellular uptake and efficient luciferase gene silencing.®’

In this work, we synthesized a spermine-based poly(B-amino ester) combining
the advantages of PBAEs with increased molecular weights of spermine macro-
molecules. Inspired by our previous research, we found that hydrophobic modifi-
cation is important for the successful transfection and gene silencing of PBAEs
polyplexes. Therefore, decylamine was polymerized together with spermine to

give a brush-like poly(B-amino ester) with suitable amphiphilicity.

2. Materials and Methods

2.1 Materials
Spermine (Fisher Scientific, Acros, USA), 1,4-butanediol diacrylate (TCI, Ja-

pan), chloroform D (Eurisotop, Germany), hyperbranched polyethylenimine (Lu-
pasol® WF, BASF, Germany), n-hexane, dichlorimethane, dimethyl sulfoxide
(DMSOQ), are technically purely provided by Ludwig-Maximilians-University Mu-
nich.

Deuterium oxide, decylamine, HEPES (4-(2-hydroxylethyl)-1-pipera-
zineethanesulfonic acid), thiazolyl blue tetrazolium bromide (MTT), RPMI-1640
medium, fetal bovine serum (FBS), Penicilin-Streptomycin solution, Dubecco’s
Phosphate Buffered Saline (PBS), trypsin-EDTA solution (0.05%), and Geniticin
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(G418) disulfate solution were purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). SYBR Gold Dye, Lipofectamine™ 2000, AlexaFluor 488 (AF488) were
bought from Life Technologies (Darmstadt, Germany).

Amine-modified eGFP siRNA (5-pACCCUGAAGUUCAUCUGCACCACcg, 3'-

AAUCGCGUAUAAUACGCGUat, 3-CAGCAAUUAGCGCAUAUUAUGCG-

CAUAp) were purchased from Integrated DNA Technologies (Leuven, Belgium).
In the sequences, “p” represents a phosphate residue, lower case letters denote
2’-deoxyribonucleotides, capital letters express ribonucleotides, and underlined

capital letters are 2’-O-methylribonucleotides.

2.2 Synthesis and characterization of amphiphilic poly(B-amino ester)s

2.2.1 Synthesis of tri-tert-Butyl Carbonyl Spermine

Tri-tert-Butyl Carbonyl Spermine abbreviated as tri-Boc-spermine was synthe-
sized as described elsewhere with some modification.#® In brief, spermine (1 eq)
was dissolved in methanol and stirred at -78 °C, ethyl trifluoroacetate (1 eq) was
added dropwise subsequently and stirred at -78 °C for 1 h, then 0 °C for 1 h.
Without isolation, di-tert-butyl decarbonate (4 eq) was added dropwise to the so-
lution and stirred at room temperature for 2 days. Finally, the solution was ad-
justed to a pH above 11 by 25% ammonia and stirred overnight to cleave the
trifluoroacetamide protecting group. The mixture was then evaporated under vac-
uum, and the residue was diluted with dichloromethane (DCM) and washed with
distilled water and saturated NaCl aqueous solution. The DCM phase was finally
dried with MgSO4 and concentrated to give the crude product. The crude product
was purified by column chromatography (CH2CIl2\MeOH\NHs, aq. 7:1:0.1, SiOz,
KMnOs; Rs = 0.413). Tri-Boc-spermine was isolated and characterized by "H NMR.
Yield: 37%.

'H NMR, 400 MHz, CDCls: 1.43—-1.48 [m, 31H, 6-CH2, 7-CH2, O—C—(CH3)3x3,
overlapping]; 1.65 (m, 6H, 2-CH2, 11-CH2, NH2); 2.68 (t, 2H, 12-CH2); 3.08-3.23
(m, 10H, 1-CH2, 3-CH2, 5-CH2, 8-CH2, 10-CHz>).

2.2.2 Synthesis of P(BSpDBAE)

For the synthesis of poly(tri-Boc-spermine and decylamine-based 3-amino es-
ter), abbreviated as P(BSpDBAE, tri-boc-spermine (1 eq), decylamine (1 eq) and
1,4-butanediol diacrylate (2 eq) were mixed and stirred at 120 'C overnight. The
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crude product was then dissolved with 2 mL DCM and precipitated in 50 mL n-
hexane at 4 'C. The supernatant was discarded, and the product was dried in a
vacuum oven for 2 days (50 'C, 15 mbar). The product P(BSpDBAE) was finally
obtained as brown semisolid and characterized via '"H NMR and Gel Permission
Chromatography (GPC, measurement relative to polystyrene and in chloroform
at 30°C, 1 mg/mL). Yield: 44%.

"H NMR (400 MHz, CDCI3) & 4.15 (d, 8H, 4CH2), 2.99 (d, J = 142.2 Hz, 23H),
1.72 (d, J = 18.6 Hz, 15H), 1.55 - 1.38 (m, 20H), 1.27 (d, J = 12.7 Hz, 17H), 0.93
—0.81 (m, 4H).

Scheme 1. Synthesis route of P(SpDBAE)

2.2.3 Synthesis of P(SpDBAE)

Deprotected P(SpDBAE) was synthesized by dissolving P(BSpDBAE) (130 mg)
in 20 mL DCM and subsequently adding 1.2 mL TFA to the solution which was
stirred at room temperature for 2 h. The solvents were then evaporated in a rotary
evaporator and then dissolved with DCM and precipitated in n-hexane at 4 C.
Finally, the product was dissolved with water and freeze-dried as a yellow semi-
solid. The product was also characterized via '"H NMR and named P(SpDBAE).
Yield: 62%.

"H NMR (500 MHz, D20) 5 4.16 (s, 8H), 3.54 (s, 6H), 3.34 (s, 2H), 3.12 (dt, J =
26.9, 8.1 Hz, 9H), 2.91 (d, J =46.2 Hz, 6H), 2.23 (s, 1H), 2.08 (p, J = 8.3 Hz, 2H),
1.75 (d, J = 22.0 Hz, 15H), 1.26 (s, 21H), 0.85 (s, 5H).

2.3 Preparation and characterization of P(SpDBAE) polyplexes
To prepare P(SpDBAE) polyplexes (complexes of the polymer P(SpDBAE) and

siRNA), P(SpDBAE) was first dissolved in water at a concentration of 1 mg/mL.
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The amount of polymer required for each formulation was then calculated accord-
ing to the N/P ratio and aliquoted in 50 uL 10 mM HEPES buffer (pH 5.3). Sub-
sequently, siRNA in 50 yL 10 mM HEPES buffer was mixed with the correspond-
ing polymer solution and incubated at room temperature for 2 h. The size and
Zeta potential of the polyplexes in 10 mM HEPES buffer were assessed with a
Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
The amount of polymer was calculated according to the following equation:
M (polymer in pg) = n siRNA (pmol) x 52 x N/P x Protonable unit (g/mol),
where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the
molar ratio of the polymer protonable amines (N) and the siRNA phosphate
groups (P); The protonable unit was calculated by dividing the molar mass of

repeating unit by the number of protonable amines in each repeating unit.

2.4 SYBR gold assay of P(SpDBAE) polyplexes
To determine the siRNA encapsulation efficiency of the polymer, SYBR gold

assays were performed. In brief, the P(SpDBAE)-siRNA polyplex formulations
from N/P 1 to 20 were prepared as described in section 2.3. Triplicates of 100 uL
of the polyplexes were added to black 96-well plates, 30 uL 4X SYBR gold solu-
tion was added to each well subsequently, and the polyplexes were incubated
with the intercalating dye at room temperature in the dark for 10 min. Finally,
intercalation-based fluorescence was quantified in a microplate reader (TECAN,
Switzerland, excitation: 485/20 nm, emission: 520/20 nm.). The fluorescence in-
tensity of free siRNA (N/P = 0) was set as 100%.

2.4 In vitro cell compatibility of P(SpDBAE) and P(SpDBAE) polyplexes
The in vitro cell compatibility of P(SpDABE) and P(SpDBAE) polyplexes were

evaluated via MTT assay. In brief, H1299 cells were seeded in 96-well plates
(5000 cells/well) 24 h before use. P(SpDABE) diluted in RPMI-1640 complete
medium in a concentration range from 1 ug/mL to 100 ug/mL was added to the
plate (100 pyL per well in triplicates). After incubation in the CO2 incubator for 24
h, the polymer solution was discarded and replaced with MTT solution in serum-
free RPMI-1640 and incubated for 4 h in the incubator. Finally, the MTT solution
was discarded, 100 uL per well DMSO was added and incubated at room tem-

perature for 30 min. The optical density was finally determined at 570 nm and
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corrected with background measured at 680 nm using a microplate reader
(TECAN, Switzerland).

Forthe MTT assay of P(SpDBAE) polyplexes, 10 uL polyplexes at N/P 5, 7 and
10 in 90 yL RPMI-1640 complete medium was incubated with H1299 cells the in
COz incubator for 24 h and treated with MTT solution and measured the same as
described above. Hyperbranched polyethylenimine 25 kDa (hyPEI25K) and PEI

polyplexes were used for comparison.

2.5 Cellular uptake of P(SpDBAE) polyplexes
The cellular uptake of P(SpDBAE) polyplexes was quantified by flow cytometry.

The polyplexes were prepared as described in section 2.3 using Alexa Fluor 488
labeled siRNA (AF488-siRNA). Hyperbranched polyethylenimine 25 kDa
(hyPEI25K) was used as control. H1299 cells were seeded in 24-well plates
(50,000 cells in 1 mL medium/well). After incubation in the COz2 incubator (37 C,
5% COz2) for 24 h, polyplexes at N/P 5, 7 and 10 in RPMI-1640 complete medium
were added (50 pmol AF488-siRNA/well) and incubated in the incubator for 24 h.
Subsequently, the polyplex suspension was discarded, the cells were rinsed with
PBS and detached with 0.05% Trypsin-EDTA. The detached cells were then
washed with PBS for another 2 times and analyzed via flow cytometry (Attune
NxT Acoustic Focusing Cytometer, Thermofisher, America) with or without

quenching by Trypan blue.

2.6 GFP knockdown of P(SpDBAE) polyplexes
To determine the gene silencing ability of P(SpDBAE) polyplexes on the protein

level, silencing of the enhanced green fluorescent protein reporter gene (eGFP)
was quantified by flow cytometry. H1299/eGFP cells were seeded in 24-well
plates (25000 cells in 500 yL medium/well), after growth in the CO2 incubator
(37°C, 5% COg2) for 24 h, the cells were transfected with P(SpDABE) polyplexes
composed of scrambled siRNA (siNC, 50 pmol/well) or siRNA against GFP
(siGFP, 50 pmol/well). Lipofectamine™ 2000 formulated with siNC and siGFP
were respective control groups. After incubation in the incubator for 48 h, the cells
were detached with 0.05% Trypsin-EDTA and washed with PBS for flow cytom-
etry measurements (Attune Cytometer, Thermo Fisher Scientific, Waltham, MA,
USA).
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3. Results and Discussion

3.1 Polymer synthesis
Tri-Boc-spermine was synthesized first. To obtain a pure product, it was purified

by column chromatography. The purity of monomers is important for the following
steps during polymer synthesis, and the chemical structure of the tri-Boc-sperm-
ine was therefore characterized by '"H NMR (Figure 1A).

The polymer P(BSpDBAE) was synthesized by the Michael addition-based
step-growth polymerization of tri-boc-spermine, decylamine and 1,4-butanediol
diacrylate. As shown in Figure 1B, the peaks of the three monomers can be
found in the spectrum. For instance, the peaks at 1.44 ppm, 1.70 ppm and 3.16
ppm belong to tri-boc-spermine; the peaks at 0.88 ppm and 1.26 ppm belong to
decylamine; the peaks at 1.70 ppm, 2.46 ppm, 2.82 ppm and 4.11 ppm belong to
1,4-butanediol diacrylate. The peak at 4.11 ppm (4.20 ppm in 1,4-butanediol di-
acrylate) indicates that the conjugation of the monomers was successful. The
molar ratio of the two monomers was calculated according to the integrations of
peaks at 1.70 ppm and 0.88 ppm, and the ratio was approximately 1:1. The re-
action was carried out without adding additional solvents, as high concentrations
of monomers in the absence of solvents can produce PBAEs with high molecular
weight, shorter reaction time and less intramolecular cyclization.20. 155

The polymer P(BSpDBAE) was then deprotected by TFA. As shown in Figure
1C, the disappearance of the peak at 1.44 ppm indicates that the N-Boc groups
were removed successfully. The reaction conditions, yield, molecular weight, PDI
and protonable unit of the polymers were summarized in Table 1.

Table 1. Step-growth polymerization (polyaddition) of tri-Boc spermine, decyla-

mine and 1,4-butanediol diacrylate

Polymer Solvent Time (h) Yield (%) Mn(Da) PDI Protonable

unit
6l / 15 44 5987l 1.83 /
710l DCM 2 62 62171 / 226

[a] reaction conditions: no solvents, 120 C, overnight. [b]: reaction conditions:

polymer 6, TFA, DCM, room temperature, 2 h. [c]: Mn and PDI were tested via
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GPC (measurement relative to polystyrene and in chloroform at 30 C). [d]: mo-
lecular weight was calculated on the basis of GPC of polymer 6 and the theoret-

ical chemical structure of polymer 7 as TFA salt.
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Figure 1.
and P(SpDBAE) in D20 (C).

"H NMR of tri-Boc-spermine in CDCIsz (A), P(BSpDBAE) in CDCIs (B)
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3.2 Size and Zeta potential of P(SpDBAE) polyplexes

The hydrodynamic diameter (size) and polydispersity index of the polyplexes
were measured by dynamic light scattering (DLS) and the Zeta potential of the
polyplexes was determined by laser doppler anemometry (LDA). As shown in
Figure 2A, the size of the polyplexes was dependent on the N/P ratios, the min-
imum size of the polyplexes was 36.81 nm at N/P 7 with a PDI of 0.179. It was
hypothesized that the siRNA was not entirely encapsulated at N/P 1 and 3 as the
Zeta potential was negative, and the observed sizes were comparably large. For
the polyplexes at N/P 10 to 20, an excess of free polymer may form sedimenta-
tion, thus the PDI was comparably high. Size is an important factor for cellular
uptake and transfection. Some reports indicate that nanoparticles with a size be-
low 150 nm are required for the uptake in lung cells by endocytosis.'® While there
are also papers that report that spermine-based delivery systems with a larger

size that have a good transfection efficiency in vivo.'8
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Figure 2. (A) Hydrodynamic diameter (size) and polydispersity index (PDI) of
P(SpDBAE) polyplexes at various N/P ratios. (B) Zeta potential of P(SpDBAE)

polyplexes at various N/P ratios. (Mean + SD, n = 3)

3.3 SYBR Gold assay of P(SpDBAE)
SYBR® Gold stain is a high quantum yield proprietary unsymmetrical cyanine

dye which can bind to free nucleic acids and exhibits high fluorescence intensity
upon binding."®® As shown in Figure 3, free siRNA was used as a negative control
and its fluorescence intensity was set as 100%. The amount of free siRNA de-
creased with the increase of N/P ratio, which means the siRNA was encapsulated

by the polymer in polyplexes. Almost all the siRNA can be encapsulated from N/P
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5 on, which indicates that P(SpDBAE) can encapsulate siRNA efficiently. The
SYBR gold result is also corresponding to the size and Zeta potential of the pol-
yplexes. As shown in Figure 3, the siRNA was not fully encapsulated at N/P 1
and 3, and free siRNA attached to the surface of the polyplexes or remained in
the solution, thus the zeta potentials of the polyplexes were negative (Figure 2B).
The siRNA can be quantitatively encapsulated from N/P 5 on (Figure 3), which
is corresponding to the positive Zeta potential of the formed polyplexes (Figure
2B).

120+
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Free siRNA %
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Figure 3. siRNA encapsulation profiles of P(SpDBAE) polyplexes measured by
SYBR Gold assay at various N/P ratios. 100% values (N/P = 0) are represented
by the determined fluorescence of uncondensed free siRNA (data points indicate
Mean £ SD, n = 3).

3.4 In vitro compatibility of P(SpDBAE) and P(SpDBAE) polyplexes
The cell compatibility of P(SpDBAE) and P(SpDBAE) polyplexes was meas-

ured by MTT assay. MTT (diemthylthiazolyl blue diphenyltetrazolium bromide) is
a yellow tetrazole, which can be reduced to purple formazan in living cells.'8* As
shown in Figure 4, the treatment with polymer P(SpDBAE) leads to higher cell
viability than PEI treatment in general. The cell viability of P(SpDBAE) polyplexes
at N/P 5, 7 and 10 was 79.8%, 75.9% and 64.7% respectively. The cell viability
of P(SpDBAE) polyplexes decreased from N/P 5 to 10 because of the increasing
amount of excess free polymer. Interestingly, the cell viability of PEI polyplexes
was better than P(SpDBAE) polyplexes. This observation was attributed to the
smaller protonable unit of PEI than that of P(SpDBAE), resulting in smaller weight

amounts of PEI necessary for preparing the polyplexes than the weight amount
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of P(SpDBAE) in P(SpDBAE) polyplexes. Besides, the cellular uptake of
P(SpDBAE) polyplexes was much higher than that of PEI polyplexes (Figure 5),
which could also lead to stronger cytotoxicity. Although the cell compatibility of
P(SpBAE) polyplexes seems not as good the compatibility of PEI polyplexes, the
PBAE is biodegradable. PBAE degradation products are considered to be benign
to mammalian cells and were reported to have limited influence on the metabolic
activity of healthy cells.'% When applied in vivo, several doses of polyplexes may
be required to obtain a therapeutic effect and for improved long-term efficacy.8®
Therefore, we believe that the cumulative cytotoxicity of P(SpBAE) polyplexes

will be improved compared to PEI polyplexes.

A B
1201 120+
Bl P(SpDBAE) EE P(SpDBAE) polyplexes
5 100+ Bl HyPEI25K n\° 100+ Hl HyPEI25K polyplexes
Z 807 > 80-
2 0 £ 60
> E
g 404 E 40
204 20+
0- 0
NY s e @ “ A K
pg/mL N/P Ratio

Figure 4. Cell viability of P(SpDABE) and P(SpDBAE) polyplexes determined by
diemthylthiazolyl blue diphenyltetrazolium bromide (MTT) assay in H1299 cells.

3.5 Cellular uptake of P(SpDBAE) polyplexes
The cellular uptake of P(SpDBAE) polyplexes was quantified by flow cytometry

and compared to hyperbranched polyethylenimine (hyPEI, 25 kDa) as a positive
control and free AF488-siRNA as a negative control. Extracellular fluorescence
associated with non-internalized polyplexes on the cell surface was quenched
with 0.4% trypan blue. As shown in Figure 5, the median fluorescence intensities
of all the formulations showed no significant difference before and after quench-
ing with trypan blue, which confirms that the determined fluorescence stems from
the polyplexes that were internalized into the cells. The uptake of P(SpDBAE)
polyplexes at N/P 5 was 58.83 times higher than that of free AF488-siRNA (neg-
ative control) and 3.09 times higher than that of hyPEI25K poyplexes (positive
control); the uptake of P(SpDBAE) polyplexes at N/P 7 was 87.19 times higher
than the negative and 5.79 times higher than the positive control; the uptake of

P(SpDBAE) polyplexes at N/P 10 was 132.6 times higher than negative and



Chapter Il 70

12.49 times higher than positive control. The cellular uptake of P(SpDBAE) poly-
plexes increased from N/P 5 to 10, while the uptake of hyPEI25K polyplexes de-
creased from N/P 5 to 10.
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Figure 5. Cellular uptake of P(SpDBAE) polyplexes quantified by flow cytometry
and presented as median fluorescence intensity corrected by autofluorescence
of untreated blank cells (H1299 cells, AF488-siRNA, Mean = SD, n = 3).

The cellular uptake of the polyplexes was determined from N/P 5 where the
siRNA is quantitatively encapsulated according to the SYBR gold assay (Figure
3). The highest N/P ratio chosen in this experiment was N/P 10 to avoid any pos-
sible cytotoxicity at higher N/P ratios. Interestingly, the cellular uptake of
P(SpDBAE) polyplexes increased as the N/P ratio increased from N/P 5 to 10,
regardless of the PDI of the polyplexes; while for PEI polyplexes, the cellular up-
take decreased from N/P 5 to 10, which may not be attributed by the cytotoxicity
of PEI according to the MTT assay, but could indicate that the size of the PEI

polyplexes was too disperse at high N/P ratios.

3.6 GFP knockdown of P(SpDBAE) polylexes
To determine the gene silencing efficiency of P(SpDBAE) polyplexes on the

protein level, we did a GFP knockdown assay using enhanced green fluores-
cence protein expressing cells (H1299-eGFP) and quantified the median fluores-
cence intensity via flow cytometry. Lipofectamine™ 2000 (LF) was used as posi-
tive control and LF and P(SpDBAE) were used to encapsulate scrambled siRNA
(siNC) as well as negative control. As shown in Figure 6, the knockdown effi-
ciency of P(SpDBAE) polyplexes at N/P 5, 7 and 10 was 89.73%, 90.35% and
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94.33% respectively. Higher cellular uptake of P(SpDBAE) polyplexes led to
higher levels of GFP knockdown.
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Figure 6. Enhanced green fluorescent protein (e GFP) knockdown of P(SpDBAE)
polyplexes in H1299 cells expressing eGFP quantified by flow cytometry as me-
dian fluorescence intensity, LF: Lipofectamine™ 2000 (Mean + SD, n = 3, One-

way ANOVA with Bonferroni multiple comparison test, “"p < 0.001).

In fact, the cellular uptake and knockdown does not always show a positive
correlation. For example, Dosta et al. synthesized a group of PBAEs. Although
the cholesterol-modified polymers showed lower siRNA uptake than the unmod-
ified hexylamine and hexadecylamine pendant polymers, the GFP knockdown
efficiency of cholesterol-modified polymers was still comparable with the unmod-
ified PBAEs."8¢

In our case, higher cellular uptake led to more efficient gene silencing efficiency.
As far as we understand, the correlation between cellular uptake and gene knock-
down mainly depends on the endosomal escape ability of the polyplexes.” If the
polyplexes can escape from the endosomes and lysosomes successfully, high
cellular uptake means efficient gene silencing. However, if the polyplexes have
poor ability to escape from endosomes or lysosomes, most of the polyplexes will
be entrapped in latter compartment, and the siRNA will be degraded in the end.

In that case, high cellular uptake does not correlate with efficient gene silencing.



Chapter II 72

In addition, the polyplexes should not be too cytotoxic, otherwise the polyplexes
cannot silence genes successfully but may cause off-target effects.'®” For the
same polyplexes with different N/P ratios, the formulations with high cellular up-
take usually means high gene silencing efficiency. However, when comparing
polyplexes with and without modification, the modified polyplexes may have low
cellular uptake but high gene silencing efficiency.'8 Kwon et al. modified PEI with
a membrane-lytic peptide called HGP taken from the endodomain of HIV gp41.
The PEI-HGP polyplexes showed slightly lower cellular uptake than PEI but the
transfection efficiency of PEI-HGP polyplexes was significantly higher than PEI.
This effect was explained by the enhanced endosomal escape mediated by the
HGP peptide.*®

The gene silencing efficacy of polyplexes also strongly depends on the poly-
mers. After the first use of PBAEs for gene delivery by Langer’s group’'?, a lot of
PBAEs were synthesized and researchers tried to understand the relationship
between the properties and the chemical structures of PBAEs.'"® 18 |t was found
that amine-terminated PBAEs are more suitable for gene delivery, and the trans-
fection potential of PBAEs can also be effected by molecular weight.''> For ex-
ample, PBAEs with molecular weight less than 11 kDa were unable to form stable
polyplexes even at a high 150:1 polymer to DNA weight ratio, however, PBAEs
at molecular weight more than 13 kDa (Mw = 13100 and 13400) were able to
stably complexes DNA even at polymer to DNA weight ratio as low as 10:1, and
showed the highest luciferase expression.''® In addition, low molecular weight
PBAEs (Mw < 8 kDa) only poorly transfect DNA compared with higher molecular
weight versions, which is the same trend as observed for PEI.1% 119. 18 However,
we found that for siRNA formulation and delivery investigated here, the molecular
weight of PBAEs does not necessarily need to be higher than 8 kDa. Instead, a
suitable amphiphilicity could be the determining factor.86

P(SpDBAE) polyplexes mediated efficient gene silencing at N/P 5 (poly-
mer/siRNA weight ratio 3.5). Compared with polyplexes prepared from cross-
linked PEI 800, which achieved gene silencing efficiency 46.63% at N/P
115.05,"°0 and another PBAE polyplexes with 92 + 1% GFP knockdown at poly-
mer/siRNA weight ratio 445,58 the N/P ratio of our polyplexes is rather low and

gene silencing is highly efficient. Low N/P ratios are expected to cause less cyto-
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toxicity or side effects when applied in vivo. In the case of intravenous admin-
istration, polyplexes encounter a complex environment, especially interaction
with hundreds of serum proteins. Negatively charged proteins may attach to the
polyplexes and form the so-called “protein corona”, which can alter the endocytic
pathway of the polyplexes and lower the transfection efficiency due to the re-
duced endo/lysosomal escape.'9" 192 P(SpDBAE) polyplexes can be effectively
applied in complete cell culture medium regardless of the presence of proteins in
serum. Although the serum concentration in cell culture is lower than the serum
concentration in full blood, our results still indicate the potential application of the

polyplexes in vivo.

4. Conclusion

Safe and efficient transfection of siRNA has remained a challenge for many
years. In this study, we successfully synthesized a novel poly(B-amino ester)
composed of decylamine and spermine. The free polymer has higher biocompat-
iblity than the commonly used cationic polymer PEI, and its polyplexes achieved
a high cellular uptake and around 90% GFP knockdown at low N/P ratios in com-
plete cell culture medium. These results suggest that this new PBAE P(SpDBAE)
is very promising for siRNA delivery and it could be one of the most efficient
PBAEs for siRNA delivery reported so far.
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Abstract

After RNAI was first discovered over 20 years ago, siRNA-based therapeutics are
finally becoming reality. However, the delivery of siRNA has remained a chal-
lenge. In our previous research, we found that the spermine-based poly(B-amino
ester)s are very promising for siRNA delivery. However, the role of hydrophobic
modification in siRNA delivery of spermine-based poly(B-amino ester)s is not fully
understood yet. In this research, we synthesized spermine-based poly(B-amino
ester)s composed of different percentages of oleylamine side chains, named
P(SpOABAE). The chemical structures of the polymers were characterized by 'H
NMR. The polymers showed efficient siRNA encapsulation determined by SYBR
gold assays. The hydrodynamic diameters of the P(SpOABAE) polyplexes from
N/P 1 to 20 were 30 — 100 nm except for aggregation phenomena observed at
N/P 3. The cellular uptake of the polyplexes was determined by flow cytometry in
H1299 cells, and all the polyplexes showed significantly higher cellular uptake
than hyperbranched polyethylenimine (hyPEI, 25 kDa). The P(SpOABAE) poly-
plexes were able to achieve more than 90% GFP knockdown in H1299/eGFP
cells and Sp0.7/0OA0.3 polyplexes at N/P 5 mediated a similar GAPDH knock-
down as the commercial transfection reagent Lipofectamine™ 2000 in
16HBE140- cells.

Keywords

siRNA delivery; hydrophobic modification; poly(B-amino ester)s; spermine;

oleylamine
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1. Introduction

RNA interference (RNAI) refers to a process of post-transcriptional gene silencing
that is triggered by small, double-stranded regulatory RNA molecules (dsRNAs)."
Endogenously expressed long dsRNAs are cleaved by Dicer into short (~ 21-nt)
duplexed RNAs, termed small interfering RNAs (siRNAs). Dicer associates with
a dsRNA-binding protein R2D2 in Drosophila and HIV, and with transactivating
response RNA-binding protein (TRBP) in mammalian cells to determine the ori-
entation of siRNA loading onto Argonaute 2 (Ago2), the catalytic core of the RNA-
induced silencing complex (RISC).% ¢ Once assembled into RISC, the passenger
strand of the siRNA duplex is cleaved and released, leaving the guide strand to
direct the activated RISC toward the complementary sequence in the target
mMRNA. The target mRNA is finally endonucleotyically cleaved and the gene ex-

pression is inhibited.”

The approval of siRNA therapeutics by the FDA in recent years brings new hope
to siRNA therapeutics. However, the therapeutic use of siRNA is still limited by
the delivery of siRNA, as siRNAs are negatively charged macromolecules, mem-
brane-impermeable and highly unstable in systemic circulation due to the degra-
dation by endogenous enzymes and the elimination through the kidneys.? The

half-life of most naked or unmodified siRNA is around 5-10 min.93

Cationic polymers are one of the main categories of non-viral vectors for siRNA
delivery. After the first successful mammalian gene delivery experiments based
on spermine in the early 1960s by Szybalska and Szybalski,'% many polycations
were developed such as poly(ornithine),'®® poly(arginine), ' poly(l-lysine),'” and
poly(ethylene imine).3° Poly(B-amino ester)s abbreviated as PBAEs or PAEs re-
fer to polymers synthesized from acrylates and amines by Michael addition.
PBAEs were first introduced for nucleic acid delivery by Lynn and Langer in
2000."12 PBAESs are biocompatible, biodegradable, and pH-responsive.'® These
properties make them very promising materials for siRNA delivery. Spermine is
a linear tetramine and an important component of nucleic acid delivery vehicles.
Endogenous spermine is naturally occurring, safe, and aids in packaging cellular
DNA into a compact state, which is essential during cell growth in eukaryotic

cells.”® 18 However, the siRNA delivery efficiency of spermine is limited due to
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its low molecular weight (202.34 g/mol).”® In addition, spermine has a limited en-
dosomal escape ability despite its good proton-buffering capacity.®® Polymeriza-
tion of spermine to increase its molecular weight has been shown an effective

strategy to enhance its siRNA delivery efficiency.

We have synthesized spermine-based poly(3-amino ester)s in our lab, but sev-
eral of them did not mediate efficient gene silencing of green fluorescence protein
in a cell model, which was found to be caused by endosomal entrapment. Re-
search from other groups also indicates the same problem: for example, Benns
et al. synthesized N-Ac-poly(L-histidine)-graft-poly(.-Lysine) to deliver plasmid

DNA, but only inclusion of chloroquine enhanced the transfection efficiency.%®

In fact, endosomal entrapment is one of the biggest barriers to siRNA delivery.
According to previous reports, only 3.5% or even less than 1% of internalized
siRNA can escape from the endosome and be incorporated into RISC to mediate
gene silencing.’® 1%° Thus, a carrier for better disruption of the endosomal mem-
brane is critical for successful endosomal escape and gene silencing by siRNA.
The strategies that have been developed to promote endosomal escape include
the use of polymers with high buffering capacity, for example, polyethylenimine
(PEI) which has been hypothesized to mediate endosomal release by the ‘proton
sponge effect’; fusogenic proteins such as cell-penetrating peptides (CPP);?% en-
docytosed photosensitive molecules (photosensitizers) which after activating by
light can release singlet oxygen to damage the endosomal membrane,”- 2°" and
some small molecules such as chloroquine can also be employed to avoid endo-

somal entrapment.?%2

According to our experience, hydrophobic modification can be beneficial for more
quantitative endosomal escape and subsequent gene silencing efficiency of pol-
yplexes. Many reports also point out that increasing the hydrophobicity of poly-
plexes improves the transfection efficiency and stability. For example, Alshamsan
et. al modified polyethylenimine with oleic acid and stearic acid, and the hydro-
phobically modified polymers resulted in 3-fold increased siRNA delivery than the
parent PEI, and revealed a more pronounced reduction of integrin a levels.?%3
Thanou et al. synthesized trimethylated chitosan for gene delivery. The trimethyl-

ated derivatives appeared to enhance the stability of the polyplexes and the trans-



Chapter lll 78

fection efficiency was not affected in the presence of serum.?%* In addition, un-
saturated hydrophobic fragments were reported to enhance the gene silencing
efficiency of siRNA. For example, MacLachlan and colleagues prepared lipo-
plexes with hydrophobic tails including different numbers of double bonds. They
found that lipoplexes containing unsaturated cationic lipids enhanced luciferase

gene knockdown compared with those containing saturated cationic lipids.®"

In this research, we therefore co-polymerized spermine and 1,4-butanediol di-
acrylate with different amounts of oleylamine which is an unsaturated fatty amine.
By changing the ratio of cationic fragment spermine to hydrophobic fragment
oleylamine, we aimed to find out the relationship between a balanced hydropho-
bic modification, endosomal escape, and gene knockdown efficiency and finally

give rational design guidelines of PBAEs for siRNA delivery.

2. Materials and methods

2.1 Materials

Spermine, Oleylamine, and trifluoroacetic acid were purchased from Acros Or-
ganics (Thermo Fisher Scientific), and 1,4-butanediol diacrylate was purchased
from Tokyo chemical industry Co., Ltd. (TCI, Japan). n-hexane, dichloromethane,
dimethyl sulfoxide (DMSQO), and methanolare technically purely provided by Lud-

wig-Maximilians-University Munich.

Deuterium  oxide, decylamine, HEPES (4-(2-hydroxyethyl)-1-pipera-
zineethanesulfonic acid), thiazolyl blue tetrazolium bromide (MTT), RPMI-1640
medium, Eagle’s minimum essential medium (EMEM), fetal bovine serum (FBS),
Penicillin-Streptomycin solution, Dulbecco's Phosphate Buffered Saline (PBS),
trypsin-EDTA solution (0.05%), and Geneticin (G418) disulfate solution were pur-
chased from Sigma-Aldrich (Taufkirchen, Germany). SYBR Gold Dye, Lipofec-
tamine™ 2000, and Alexa Fluor 488 (AF488) were bought from Life Technologies

(Darmstadt, Germany).

Amine-modified eGFP siRNA (5-pACCCUGAAGUUCAUCUGCACCACcg, 3'-
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CAUAp), and siRNA against GAPDH (5-pGGUCGGAGUCAACGGAU-

from Integrated DNA Technologies (Leuven, Belgium). “p” denotes a phosphate
residue, lower case letters are 2’-deoxyribonucleotides, capital letters are ribonu-

cleotides, and underlined capital letters are 2’-O-methylribonucleotides.

2.2 Synthesis and characterization of the polymers

2.2.1 synthesis of tri-Boc-spermine

Tri-tert-Butyl Carbonyl Spermine abbreviated as tri-Boc-spermine was synthe-
sized as described elsewhere.'”: 148 |n brief, spermine (1 eq) was dissolved in
methanol and stirred at -78 °C, ethyl trifluoroacetate (1 eq) was added dropwise
subsequently and stirred at -78 °C for 1 h, then at 0 °C for 1 h. Without isolation,
di-tert-butyl decarbonate (4 eq) was added dropwise to the solution and stirred at
room temperature for 2 days. Finally, the solution was adjusted to a pH above 11
by 25% ammonia and stirred overnight to cleave the trifluoroacetamide protecting
group. The mixture was then evaporated under vacuum and the residue was di-
luted with dichloromethane (DCM) and washed with distilled water and saturated
NaCl aqueous solution. The DCM phase was finally dried by MgSO4 and concen-
trated to give the crude product. The crude product was purified by column chro-
matography (CH2Cl2\MeOH\NH3, aq. 7:1:0.1, SiO2, KMnOs4; Rs = 0.413). Tri-Boc-

spermine was isolated and characterized by 'H NMR. Yield: 37%.
2.2.2 Synthesis of P(BSpOABAE)

Tri-Boc-spermine (0.9 eq) and oleylamine (0.1 eq) were first mixed, and 1,4-bu-
tanediol diacrylate (1 eq) was then added and stirred at 120 °C overnight. The
product was dissolved in 2 mL dichloromethane (DCM) and precipitated in 50 mL
n-hexane. The precipitation was dried under vacuum (50 °C, 20 mbar) for 2 days
and finally characterized by "H NMR. The target product has 10% oleylamine side
chains. To obtain the polymers with 30% and 50% oleylamine units, tri-Boc-
spermine (0.7 eq), oleylamine (0.3 eq) and tri-Boc-spermine (0.5 eq), oleylamine
(0.5 eq) were reacted with 1,4-butanediol diacrylate (1 eq) under the same con-
ditions. All of the products were named poly(tri-Boc-spermine and oleylamine-
based p-amino ester)s, abbreviated as P(BSpOABAE).

2.2.3 Synthesis of P(SpOABAE)
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The N-Boc groups of P(BSpOABAE) were removed to give the final product
P(SpOABAE). To give an example, 100 mg P(BSpOABAE) was dissolved in 20
mL DCM and reacted with 1 mL trifluoroacetic acid (TFA) at room temperature
for 2 h. The polymers, DCM, and TFA were always used in the same ratios as
described above. The reaction solution was then evaporated by a rotary evapo-
rator and the product was dissolved with 2 mL methanol and precipitated in 50
mL n-hexane. The precipitation was dried under vacuum (50 °C, 20 mbar) for 2
days to afford the final product. The product was then characterized by 'H NMR.
The product with 10% oleylamine repeating units was named Sp0.9/0OA0.1; the
product with 30% oleylamine units was named Sp0.7/OA0.3; and the product with
50% oleylamine units was named Sp0.5/0OAO0.5.

The reaction conditions, molecular weight, yield, and protonable unit of the poly-

mers are summarized in Table 1.

CF3COOEt

Scheme 1. The synthesis route of spermine and oleylamine-based poly((B-
amino ester)s P(SpOABAE)

Table 1. Step-growth polymerization of tri-Boc-spermine, oleylamine, and 1,4-

butanediol diacrylate

Polymers Solvents Time  Yield Protonable unit
(h) (%) (g/mol)
BSp0.9/0A0.11 / 15 89% /
BSp0.7/0A0.31 / 15 70% /
BSp0.5/0A0.56] / 15 91% /

Sp0.9/0OA0.1®! DCM 2 76% 196
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Sp0.7/0A0.31! DCM 2 91% 213

Sp0.5/0A0.51! DCM 2 91% 246

[a] P(BSpOABAE) reaction conditions: no solvents, 120 °C, overnight. [b]:
P(SpOABAE) reaction conditions: TFA, DCM, room temperature, 2 h.

2.3 Preparation and characterization of polyplexes

To prepare polyplexes, the polymers were dissolved in high-purity water at a con-
centration of 1 mg/mL as a stock solution, and the siRNA stock solution is 100

MM. The amounts of polymers were calculated according to the following equation:
m (polymer in pg) = n siRNA (pmol) x 52 x N/P x Protonable unit (g/mol),

where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the
molar ratio of the protonable polymer amine groups (N) and the siRNA phosphate
groups (P). The protonable unit was calculated by dividing the molar mass of the

repeating unit by the number of protonable amines in each repeating unit.

P(SpOABAE) and siRNA in an equal volume of 10 mM HEPES buffer (pH 5.3)
were mixed and incubated at room temperature for 30 min. The P(SpOABAE)
polyplexes were then characterized using a Zetasizer Nano ZS (Malvern Instru-
ments, Malvern, UK). For instance, 100 pL polyplexes in 10 mM HEPES were
added to a disposable microcuvette (Malvern Instruments, Malvern, UK) and
measured for 15 runs 3 times for each sample. The polyplexes suspension was
then diluted with 10 mM HEPES to 700 uL and filled into a Zeta Cell (Zetasizer

Nano series, Malvern, UK) to measure the Zeta potential.

2.4 siRNA encapsulation efficiency

SYBR gold assays were used to evaluate the capacity of the P(SpOABAE)s to
condense siRNA at various N/P ratios (0 - 20). In brief, P(SpOABAE) polyplexes
were prepared as described in section 2.3. The polyplexes were then transferred
to a black 96-well plate of 100 uL for each sample. Subsequently, 30 uL SYBR
gold (4X) was s added to each well and incubated at room temperature in the
dark for 10 min. The fluorescence was then measured using a plate reader
(TECAN, Mannedorf, Switzerland, excitation: 485/20 nm, emission: 535/20 nm.).
The fluorescence intensity of free siRNA (N/P = 0) was set as 100%.
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2.5 Cellular uptake

H1299 cells were seeded in 24-well plates at a density of 50 000 cells/well, and
the plates were incubated at 37 °C and 5% COz for 24 h. Polyplexes were pre-
pared as described above with 50 pmol Alexa Fluor AF488-labeled siRNA
(AF488-siRNA) at N/P ratios of 5, 7, and 10. Free AF488-siRNA and hyper-
branched PEI 25 kDa (HyPEI25K) were used as negative control and positive
control, respectively. Cells were incubated with the polyplexes in complete
RPMI1640 medium for 24 h. The polyplexe suspension was then discarded and
the cells were rinsed with PBS and treated with 0.05% trypsin-EDTA (100 pL/well)
for 4 min to detach the cells. Fresh Medium (500 uL/well) was added to deactivate
the trypsin. Samples were then transferred to microcentrifuge tubes and washed
with PBS 2 times. Fluorescence was quantified by flow cytometry by exciting with
a 488 nm laser and detection with a BL1 filter (530/30 nm) (Attune NxT Acoustic
Focusing Cytometer, Thermo Fisher Scientific, Darmstadt, Germany) with or

without quenching by trypan blue.

2.6 GFP knockdown

H1299/eGFP cells were seeded in 24-well plates at a density of 25 000 cells per
well and cultured in a COz incubator (37 °C, 5% COz2) for 24 h before transfection.
P(SpOABAE) polyplexes at N/P 5, 7, and 10 were prepared as described above
in section 2.3 using siRNA against GFP (siGFP) and scrambled siRNA (siNC) as
negative control. Lipofectamine™ 2000 encapsulated with siNC and siGFP were
used as controls. Polyplexes and lipoplexes were added with 50 pmol siNC or
siGFP to each well and incubated with the cells for 48 h. The medium was finally
discarded and the cells were washed with PBS and treated with 0.05% trypsin-
EDTA. The cells were collected and washed with PBS twice and measured by
flow cytometry by exciting with a 488 nm laser and detection with a BL1 filter
(530/30 nm) ( (Attune NxT Acoustic Focusing Cytometer, Thermo Fisher Scien-

tific, Darmstadt, Germany).

2.7 GAPDH gene knockdown

16HBE140- cells were seeded in 24-well plates at a density of 50,000 cells/well,
and the plates were incubated at 37 °C and 5% COz2 for 24 h. P(SpOABAE) pol-
yplexes were prepared as described above with siNC and siGAPDH at N/P 5, 7,
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and 10. Cells were transfected with P(SpOABAE) polyplexes for 48 h (100 pmol
siNC or siGAPDH/ well). Lipofectamine™2000 encapsulated with the same
amount of siRNA was used as a positive transfection control. Subsequently, cells
were washed with PBS and detached with 0.05% trypsin-EDTA. The harvested
cells were then lysed with lysis buffer (Purelink RNA mini kit, Thermo Fisher Sci-
entific, Darmstadt, Germany). Total RNA was then isolated from cells according
to the manufacturer’s protocol with supplementary DNase digestion, reverse tran-
scribed to cDNA, and cDNA was amplified in a one-step protocol using Brilliant
Il SYBR green gRT-PCR master mix. Hs_ GAPDH primers (Qiagen, Hilden, Ger-
many) were used to quantify the gene expression of hGAPDH. Hs_[B-actin pri-
mers (Qiagen, Hilden, Germany) were used as a standard to evaluate the relative
gene expression of GAPDH using a QuantStudio real-time PCR system (Thermo
Fisher Scientific). Cycle threshold (Ct) values were obtained with the cloud dash-

board of Thermo Fisher Connect™.

2.8 Cell viability
The cell viability of the polymers P(SpOABAE) and the polyplexes were deter-

mined by MTT assays. In brief, H1299 cells were seeded in 96-well plates at a
density of 5000 cells/well and incubated at 37 °C, 5% COz2 for 24 h. P(SpOABE)
and hyPEI25K were diluted with RPMI1640 complete cell culture medium in a
range of 1 ug/mL to 100 pg/mL and incubated with the cells for 24 h. After the
incubation, the medium was discarded and MTT solution prepared in serum-free
RPMI1640 medium was added to the plate (0.5 mg/mL, 100 yL/well) and incu-
bated for 4 h in the COz2 incubator. Subsequently, the cell culture medium was
removed and DMSO (100 uL/well) was added and incubated at room temperature
for 30 min. The optical absorbance was measured at 570 nm and corrected with
background measured at 680 nm via plate reader (TECAN, Mannedorf, Switzer-
land).

Polyplexes at N/P 5, 7, and 10 were prepared as described in section 2.3. Sub-
sequently, 10 pyL polyplexes containing 5 pmol siRNA were added to each well
with 90 uL complete RPMI1640 cell culture medium and incubated in the CO2
incubator for 24 h. The plates were then treated and measured as described

above for the polymers. HyPEI25K polyplexes were used as control.
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2.9 Endosomal entrapment

Endosomal entrapment was determined by confocal laser scanning microscopy
(CLSM). In brief, H1299 cells were seeded on 13-mm microscope cover glasses
(VWR, Allison Park, PA, USA) in each well (24-well plate, 50 000 cells/well) 24 h
before use. The Sp0.9/0A0.1, Sp0.7/0OA0.3, and Sp0.5/0A0.5 AF488-siRNA pol-
yplexes were prepared (N/P =10) and incubated with the cells in the same way
as described in section 2.5. Subsequently, the polyplex-containing medium was
discarded and incubated with 75-nm Lysotracker Red™ DND 9 in RPMI1640

complete medium at 37 °C for 1 h. The cells were then washed with PBS twice

and fixed with 4% paraformaldehyde (PFA) at room temperature for 15 min. After
washing with PBS twice more, the cells were stained with DAPI (1 pg/mL) at room
temperature for 20 min. Finally, the cells were washed with PBS 5 times and
mounted with FluorSave™ reagent (Sigma-Aldrich, Darmstadt, Germany). The
fluorescence images were acquired using a confocal laser scanning microscope
with excitation by diode laser (405 nm), and argon laser (488 nm and 552 nm),
and detection in the blue channel for DAPI (627 nm — 750 nm), green channel for
AF488 (750 nm — 755 nm), and red channel (755 nm — 760 nm) for lysotracker,
respectively. (Leica SP8 inverted, software: LAS X, Leica microsystems GmbH,

Wetzlar, Germany).

3. Results and discussion

3.1 Synthesis and characterization of P(SpOABAE)

As shown in Scheme 1, the polymer synthesis started with spermine, which was
protected with ethyl trifluoroacetate and di-tert-butyl decarbonate. Then the tri-
fluoroacetate group was removed to give the monomer ftri-tert-Butyl carbonyl
spermine (tri-Boc-spermine), and the chemical structure was characterized by 'H
NMR (Figure 1A). The peak at 4.73 ppm belongs to the solvent residual peak of

heavy water.

Tri-Boc-spermine was then co-polymerized with oleylamine and 1,4-butanediol
diacrylate to give the polymer 6 (Scheme 1) P(BSpOABAE). As shown in Figure
1A, the peaks at 0.83 ppm, 1.25 ppm, and 5.35 ppm are the representative peaks
belonging to the oleylamine units, and the peaks around 1.45 ppm and 3.15 ppm

belong to tri-Boc-spermine. The peaks around 2.43 ppm, 2.36 ppm, and 4.08 ppm
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belong to 1,4-butanediol diacrylate. The appearance of these peaks indicates the
presence of the three monomers in the product, and the polymers with different
amounts of oleylamine units were calculated according to the integrations of peak
k (5.35 ppm) and peak c (4.08 ppm) and named BSp0.9/0A0.1, BSp0.7/0A0.3
and BSp0.5/0OA0.5 respectively.

P(BSpOABAE) was finally treated with TFA and to obtain the target product
P(SpOABAE). As shown in Figure 1B, the disappearance of the peak at 1.45
ppm indicates that the N-Boc groups were removed successfully. The molar ratio
of the repeating units of spermine and oleylamine units was calculated according
to the integrations of the peaks at 5.31 ppm and 4.19 ppm. The P(SpOABAE)s
with 10%, 30%, and 50% of oleylamine were named Sp0.9/0A0.1, Sp0.7/OA0.3,
and Sp0.5/0A0.5, respectively.

— 145
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Figure 1. '"H NMR of tri-Boc-spermine in CDCls supplemented with D20 (A),
P(BSpOABAE) in CDCIs (B), and P(SpOABAE) in D20 (C) (The spectra of poly-
mers with 10% oleylamine are blue and named BSp0.9/0A0.1 and Sp0.9/0A0.1
before and after deprotection; the spectra of polymers with 30% oleylamine are
green and named BSp0.7/0OA0.3 and Sp0.7/OA0.3 before and after deprotection;
The spectra of polymers with 50% oleylamine are orange and named
BSp0.5/0A0.5 before and after deprotection.)

3.2 siRNA encapsulation efficiency

The siRNA encapsulation efficiency of the three PBAEs was measured by SYBR
gold assay. In this assay, free siRNA is accessible to the intercalating dye SYBR
gold and is quantified based on the fluorescence emitted. As shown in Figure 2,
SP0.9/0A0.1 had the highest siRNA encapsulation efficiency at N/P 1,
SP0.5/0A0.5 had the lowest encapsulation efficiency, and SP0.7/OA0.3 had in-

termediate encapsulation efficiency according to the percentage of spermine,
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containing primary amines and secondary amines. All of the PBAEs encapsu-
lated siRNA quantitatively from N/P 5 on. These results indicate that the three
PBAEs can encapsulate siRNA efficiently.

120
-~ Sp0.9/0A0.1

= Sp0.7/0A0.3
Sp0.5/0A0.5

100
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Free siRNA %
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Figure 2. siRNA encapsulation profiles of poly(B-amino ester)s composed of dif-
ferent percentages of spermine and oleylamine. Sp: the repeating unit of sperm-
ine, OA: the repeating unit of oleylamine. Sp0.9/0A0.1: P(SpOABAE) with 10%
of oleylamine, Sp0.7/0OA0.3: P(SpOABAE) with 10% of oleylamine, Sp0.5/0A0.5:
P(SpOABAE) with 50% of oleylamine. (Data points indicate Mean + SD, n = 3)

3.3 Size and zeta potential of the polyplexes

The hydrodynamic diameter (size) and polydispersity index (PDI) of the poly-
plexes was measured by dynamic light scattering (DLS) and the zeta potential of
the polyplexes was measured by laser Doppler anemometry (LDA). As shown in
Figure 3, the sizes of the polyplexes were below 100 nm except for the
Sp0.7/0OA0.3 and the Sp0.5/0A0.5 polyplexes at N/P 3. The large sizes of the
two formulations may be caused by the lack of stabilizing charge of the polyplexes
thus leading to aggregation. The zeta potential of the polyplexes corroborates the
SYBR gold assay results: when the siRNA is not fully encapsulated, the Zeta
potential is negative because siRNA is attached on the surface of the polyplexes.
For example, Sp0.9/0A0.1 polyplexes at N/P 1 and Sp0.7/OA0.3 polyplexes at
N/P 1, 3 and the Sp0.5/0OA0.5 polyplexes at N/P 1, 3 present accessible siRNA
on their surfaces as reflected in measurable fluorescence and negative zeta po-

tentials. When siRNA is fully encapsulated, the zeta potential turned to positive.
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The PDI of the polyplexes was lowest when the siRNA is quantitatively encapsu-

lated, while an excess free polymer or free siRNA led to higher PDlIs.

EE Sp0.9/0A0.1
3 Sp0.7/0A0.3
B3 Sp0.5/0A0.5

e PDI
800— - 1.0
_— — L
E 600
= 400 ~ 08
8 O [‘]
2 200—
s h . - 0.6
T 120 b a)
2 100 * =
& ¢ o ° o - 0.4
c 804 ° ° .
S [ ]
B 60~
S
'g 40= = 0.2
T [ )
ﬂﬁﬂ
I I I I I ] I L] 0.0
1 3 5 7 10 15 20 1357101520 3 5 7 10 15 20
N/P ratio
Em Sp0.9/0A0.1
= Sp0.7/0A0.3
B3 Sp0.5/0A0.5
30-
s
£ T |
B ﬁ T L
5 ﬁ
‘g = [ = il
= e
D
N
-10+ -[
-20 L] 1 | | || | | | || ] | | | || I L] 1 1 | | ||
1 3 5 7 10 15 20 1 3 5 7 10 15 20 1 3 5 7 10 15 20

N/P ratio

Figure 3. Size and size distribution of the P(SpOABAE) polyplexes and the Zeta
potential (Data points indicate Mean + SD, n = 3) Sp0.9/0A0.1: P(SpOABAE)
with 10% of oleylamine, Sp0.7/OA0.3: P(SpOABAE) with 30% of oleylamine,
Sp0.5/0A0.5: P(SpOABAE) with 50% of oleylamine.
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3.4 Cellular uptake
The cellular uptake was quantified by flow cytometry and compared to hyPEI25K

polyplexes as a positive control and free AF488-siRNA as a negative control.
P(SpOABAE) polyplexes with 50 pmol AF488-siRNA at N/P 5, 7, and 10 were
compared as the siRNA can be fully encapsulated from N/P 5 on according to the
SYBR gold assays (Figure 2). Polyplexes at higher N/P ratios were not used due
to the possible cytotoxicity. In half of the samples, 0.4% trypan blue was used to
quench the extracellular fluorescence associated with polyplexes that bind to the
surface of the cells but are not internalized. As shown in Figure 4, the fluores-
cence intensity of the quenched and unquenched groups did not significantly dif-
fer, which means the polyplexes were internalized into the cells. Among the
P(SpOABAE) polyplexes with different percentages of oleylamine, the formula-
tions with 50% oleylamine units (Sp0.5/0A0.5) achieved the highest cellular up-
take, and the formulations with 30% oleylamine units (Sp0.7/OA0.3) had the low-
est cellular uptake with the cellular uptake of the formulations with 10% oleyla-
mine units (Sp0.9/0A0.1) resulting in intermediate values. These interesting re-
sults were explained by the different cellular uptake mechanisms of the poly-
plexes for mainly cationic vs. more hydrophobic polyplexes. However, all the
P(SpOABAE) polyplexes showed higher cellular uptake than hyPEI25K. Regard-
less of the size and PDI of the polyplexes, the cellular uptake of P(SpOABAE)
polyplexes increased from N/P 5 to N/P 10.
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Figure 4. Cellular uptake of Sp0.9/0A0.1, Sp0.7/0OA0.3, and Sp0.5/0A0.5 poly-
plexes at N/P ratios of 5, 7, and 10 was quantified by flow cytometry after 24 h
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incubation. The results are presented as median fluorescence intensity (MFI) with
and without trypan blue quenching. Negative control: cells treated with free
AF488-siRNA. Positive control: cells treated with hyPEI25K. (Data points indicate
Mean £ SD, n = 3)

3.5 GFP knockdown

To investigate whether high cellular uptake also correlates with corresponding
gene silencing, an enhanced green fluorescence protein (eGFP) knockdown as-
say was performed in stably expressing H1299/eGFP cells to assess the gene
silencing efficiency of the P(SpOABAE) polyplexes on the protein level. P(SpO-
ABAE) polyplexes with 10%, 30%, and 50% oleylamine units at N/P 5, 7, and 10
were compared for the knockdown experiment. As shown in Figure 5, the P(SpO-
ABAE) polyplexes with 10% oleylamine units (Sp0.9/0A0.1) although resulted in
high cellular uptake but could not achieve an efficient GFP knockdown. On the
other hand, P(SpOABAE) polyplexes with 30% oleylamine (Sp0.7/OA0.3), de-
spite less efficient cellular uptake than Sp0.9/0A0.1, mediated higher GFP
knockdown efficiency than Sp0.9/0A0.1. The P(SpOABAE) polyplexes had been
taken up intracellularly most efficiently and also achieved the highest GFP knock-
down efficacy. These results could be explained by the different endosome es-
cape abilities of the P(SpOABAE) polyplexes. The high cellular uptake of
Sp0.9/0A0.1 could be due to its relatively high amount of primary and secondary
amines, which enhanced the permeability of the polyplexes. However, due to the
problem of endosome escape, the polyplexes did not achieve an efficient GFP
knockdown. Polymers Sp0.7/OA0.3 and Sp0.5/0A0.5 are expected to have
higher endosomal escape ability due to their more amphiphilic nature. As a result,
the higher cellular uptake of Sp0.5/0OA0.5 polyplexes led to very high GFP knock-

down.
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Figure 5. Enhanced green fluorescent protein (eGFP) knockdown efficiency in
H1299-eGFP cells quantified by flow cytometry as median fluorescence intensity
(MF1) after transfection with Sp0.9/0A0.1, Sp0.7/0OA0.3, and Sp0.5/0A0.5 poly-
plexes at N/P 5, 7 and 10 with siGFP or siNC for 48 h. Positive control: Lipofec-
tamine™ 2000 formulated with siGFP and siNC. Blank controls are cells without
any treatment. Data points indicate Mean + SD, n = 3, One-way ANOVA with
Bonferroni post-hoc test, "p > 0.05, ™ p < 0.001.

Many studies have shown that the incorporation of hydrophobic chains can en-
hance internalization and improve nucleic acid delivery efficiency. For example,
Azahara Rata-Aguilar et al. found that the inclusion of small hydrophobic frag-
ments into the polycation backbone improves the stability and transfection effi-
ciency of plasmid DNA.2% Alshamsan et al. modified branched PEI with oleic acid
and stearic acid and observed higher cellular uptake and more pronounced re-
duction of integrin levels.?% In addition, incorporation of lipophilic or hydrophobic
groups into the polymers should also affect interactions with endo/lysosomal
membranes resulting in a more efficient escape.?°¢ Oleylamine contains an un-
saturated double bond in its structure which is similar to the so-called fusogenic
lipid DOPE. The unsaturation of the hydrocarbon chains is one of the conditions
for inducing the transition from the lamellar to the fusogenic phase and thus rap-
idly fusing with anionic membranes.” Heyes et al. compared the fusogenicity of
lipid nanoparticles with different numbers of double bonds in the hydrophobic
tails.®' They found that lipoplexes containing unsaturated cationic lipids enhanced
luciferase gene knockdown compared with those containing saturated cationic
lipids. The improvement in efficiency was correlated with the extent of unsatura-
tion of the cationic lipid hydrophobic domain and the fusogenicity of the delivery

system.
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3.6 Cell viability

Polycations can protect siRNA from replacement of the polyplex by other polyan-
ions and degradation by enzymes. However, the trade-off is that the positive
charges can interact with cell membranes, inhibit crucial biological processes,
and lead to cytotoxic effects.??” The cell viability of the polymer P(SpOABAE) and
polyplexes was measured by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assays. Hyperbranched polyethylenimine 25kDa (hyPEI25K)
was used as control. As expected, with the increase in the concentration of the
polymers, the cell viability decreased. As shown in Figure 6A, the free polymer
P(SpOABAE) was more biocompatible than hyPEI25K at higher concentrations
than 20 ug/mL. P(SpOABAE)s at a concentration less than 10 ug/mL were even
a bit more toxic than hyPEI25K, which could be attributed to the hydrophobic
fusogenic lipid that enhances the cell permeability of the polymer. However, the
P(SpOABAE)s did not cause strong cytotoxicity and they are still considered bi-

ocompatible.

The cell biocompatibility of the P(SpOABAE) polyplexes at N/P 5, 7, and 10 was
also determined. The hyPEI25K polyplexes were used as a control. As shown in
Figure 6B, the cytotoxicity of P(SpOABAE) polyplexes was comparable with
hyPEI25K. The Sp0.9/0A0.1 polyplexes were a bit more toxic than the other
P(SpOABAE) polyplexes, which could be caused by the higher content of primary

and secondary amines in this polymer.

Em Sp0.9/0A0.1

120- B3 Sp0.7/0A0.3

100- I L. I B Sp0.5/0A0.5
=
> sod Ik ) =3 hyPEI25K
.'(.; 60 =
3
3 40+
3

20 - |J_| I

0= 1 I T T T T m

1 2 5 10 20 50 100

na/mL



Chapter lll 94

100+
Hl Sp0.9/0OAO0.1 polyplexes
o 804 . T T B3 Sp0.7/0A0.3 polyplexes
e T
F 60 T = Sp0.5/0A0.5 polyplexes
E 3 hyPEI25K polyplexes
> 40+
3
20—
0- 1 | |
5 7 10
N/P ratio

Figure 6. Cell viability measured by MTT assay for P(SpOABAE) and P(SpOA-
BAE) polyplexes with different N/P ratios. Untreated cells represent 100% viability.
(Data points indicate Mean = SD, n = 3).

3.7 GAPDH knockdown
As the P(SpOABAE) polyplexes achieved excellent GFP knockdown, their ability

to silence endogenous genes in other cell lines was assessed. Polar, differenti-
ated epithelial cells with tight junctions are difficult to transfect compared with less
differentiated, nonpolar cells.?°®¢ We used 16HBE140- cells, a human bronchial
epithelial cell line, to evaluate the gene knockdown efficiency ofP(SpOABAE) pol-
yplexes. As shown in Figure 5, the P(SpOABAE) polyplexes with 10% oleylamine
units (Sp0.9/0OA0.1) did not achieve highly efficient GFP knockdown a and were
therefore excluded for this assay. Sp0.7/OA0.3 and Sp0.5/0A0.5 polyplexes
were used to silence the housekeeping gene GAPDH. Lipofectamine™ 2000 was
used as a positive control. All formulations were also applied containing scram-
bled siRNA (siNC) as a negative control. As shown in Figure 7, GAPDH expres-
sion was normalized to B-actin. Sp0.7/OA0.3 polyplexes at N/P 5 were able to
achieve slightly better (50.14%) knockdown than Lipofectamine™ 2000 (48.38%
silencing efficacy). Interestingly, the Sp0.7/OA0.3 polyplexes at N/P 7 and 10,
although they had achieved efficient GFP knockdown in H1299/eGFP cells (Fig-
ure 5), did not mediate significant GAPDH knockdown in 16HBE140- cells. The
different behavior of the polyplexes can be attributed to the different cell lines.
16HBE140- cells possess the capacity to secrete mucus via the airway-specific
mucin protein, MUC5AC.2%%: 210 Mucus is composed of water, glycoproteins, ions,
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and lipids that constitute a physiological barrier that protects the apical surfaces
of the respiratory.?'" It is possible that Sp0.7/OA0.3 polyplexes at higher N/P ratio

were either not stable in presence of this mucus or were entrapped in it.

Besides the nanocarriers, the cell type can also determine the transfection effi-
ciency of the nanoparticles.?'? Kim et al. investigated the transfection efficiency
by DOTAP-liposomes with different DOTAP/DOPE ratios and cell types including
Huh7, AGS, COS7, and A549. They found that the formulation T1P0O and T3P1
showed higher luciferase activities than T1P1 or T1P3 in Huh7 and AGS cells.
However, the transfection efficiencies of T3P1 and T1P1 were higher than those
of T1P0 and T3P1 in COS7 cells. These results implied that specific cell lines can
favor certain lipid compositions in gene delivery and the transfection efficiency is
cell-line dependent.’”® We did not get a consistent result with the polymer
Sp0.5/0A0.5, so the data was not shown here. It is possible that the cell density,
siRNA amount, incubation time, etc. for GAPDH knockdown still need to be opti-

mized for better results.
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Figure 7. GAPDH knockdown of SpOA0.7/OA0.3 of different N/P ratios in
16HBE140- cells after treatment with siRNA against GAPDH (siGAPDH) or
scrambled siRNA (siNC) as a negative control. (Data points indicate Mean + SD,
n = 3; one-way ANOVA with Bonferroni post-hoc test, “'p < 0.001, "sp > 0.05).
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3.8 Endosomal entrapment

The endo/lysosomal entrapment of the polyplexes was visualized by confocal la-
ser scanning microscopy (CLSM). Endosomal entrapment of polyplexes and
other nanoparticles is one of the main barriers to siRNA delivery with non-viral
carriers.?2 Normally, the nanoparticles entrapped in endosomes follow the endo-
somal-lysosomal route, which is a series of organelles in the endocytic pathway
and a dynamic, interconnected vesicular network.?'® The endocytotic vesicles
fuse with pre-existing early endosomes within seconds which mature into late

endosomes and finally fuse with lysosomes.'?

As shown in Figure 8, we utilized polyplexes prepared using AF488-siRNA in
green, and lysosomes were stained with lysotracker in red. The merged picture
indicates the colocalization of polyplexes with endosomes. The Sp0.5/0OA0.5 pol-
yplexes have the highest cellular uptake widely distributed in each cell, which
indicates that the polyplexes escaped from endo/lysosomes. This result confirms
that the modification with oleylamine can help the endosomal escape of poly-
plexes and explains its high GFP knockdown efficiency. Oleylamine shares a
similar structure with so-called fusogenic lipids containing an unsaturated double
bond in its structure, which can enhance the interaction with endosomal mem-
branes thus promoting endosomal escape.” The Sp0.7/OA0.3 polyplexes did not
show a significant difference from Sp0.9/0OA0.1 polyplexes, probably due to the
overall lower cellular uptake of Sp0.7/0OA0.3 polyplexes. Hence, the escaped pol-

yplexes were also less as reflected in the image.



Chapter Il 97

AF488-siRNA Lysotracker

) Lot Y
Ty | g
. Ea ;
L X i
a * *

Sp0.9/CA0.1

Sp0.7/0A0.3

.

Sp0.5/0A0.5

Figure 8. CLSM images of colocalization of Sp0.9/0A0.1, Sp0.7/0OA0.3, and
Sp0.5/0A0.5 polyplexes encapsulated with AF488-siRNA and endo/lysosomes

(Lysotracker). The cell nuclei were stained with DAPI shown in blue.

4. Conclusion

Amphphilic spermine-based poly(B-amino ester)s have been shown to be prom-
ising materials for siRNA delivery. However, the hydrophobic modification of
poly(B-amino ester)s and its role in siRNA delivery were not fully understood. In
this study, we synthesized several poly(B-amino ester)s with different ratios of
spermine and oleylamine side chains and constructed polyplexes that can
achieve more than 90% GFP knockdown. We found that the hydrophobic modifi-
cation with oleylamine can enhance siRNA delivery efficiency and gene silencing
efficiency of the spermine-based poly(B-amino ester)s, and this gene silencing
efficiency of the polyplexes could be cell-line dependent. This study therefore
provides guidelines for the rational design of materials for nucleic acid delivery
and established excellent polyplexes for siRNA delivery.
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Supplementary information

Oleic acid modified spermine-based poly(B-amino ester)s

In fact, before the modification by oleylamine, as described in Chapter 3, oleic

acid (9-Octadecenoic acid) was tried to conjugate with P(SpBAE).
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Scheme S1. The synthesis route of modification P(SpBAE) with oleic acid

As shown in Scheme 1, oleic acid was conjugated to P(SpBAE) under the catal-
ysis of EDC-HCI (1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride)
and NHS (N-Hydroxysuccinimide). In brief, oleic acid (1 eq.) was dissolved in
absolute ethanol, EDC-HCI (3 eq.) and NHS (3 eq.) were dissolved in ethanol
and added to the oleic acid solution, and 2 M NaOH was applied to provide a
basic environment. After reaction at room temperature for 30 min, P(SpBAE) in
high-purity water was added dropwise and stirred at room temperature for 24 h.
The product was finally transferred to a dialysis kit (MWCO 1 kDa) and dialyzed

for 3 days and finally freeze-dried to get the product as yellow to brown semisolid.

The chemical structure of the product was confirmed by 'H NMR. As shown in
Figure $1, the peaks around 5.5 ppm and 0.8 ppm indicate that oleic acid was
conjugated to P(SpBAE) successfully. However, the coupling ratio of oleic acid

estimated according to the 'H NMR was more than 100%.
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Figure S1. '"H NMR of P(SpBAE)-OA in CDCl3

The siRNA encapsulation efficiency of P(SpBAE)-OA was determined by SYBR
gold assay. As shown in Figure S2, about 95.7% of the siRNA can be encapsu-

lated from N/P 5, which indicates that the polymer can encapsulate siRNA effi-

ciently.
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Figure S2. siRNA encapsulation profiles of P(SpBAE)-OA polyplexes measured
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The size (hydrodynamic diameter) and zeta potential of the polyplexes were de-
termined by Zetasizer NanoZS (Malvern Instruments, Malvern, UK). As shown in
Figure S3, the sizes of the polyplexes at different N/P ratios were around 100 nm
except the one at N/P 5 with a size of 402.6 nm, which could be due to the ag-
gregation of the polyplexes because of the insufficient net charge of the poly-
plexes for stabilization. The trend of the zeta potential was in parallel with the
SYBR gold assay, when there was much negatively charged free siRNA (N/P 1
and N/P 3), the zeta potential was negative, while when the siRNA was fully en-

capsulated, the zeta potential was positive.

o
°

= - 3 size

N J
2 Fo.s ® rDI

©
£ 400
= 0.6

o

2 h

E g0 Fo.4

©

c 604 °

> [ [ ]

T 40 L] Fo.2

o

s 20 ]

; T T T T T .
- A \ﬁ \‘) wﬁ

Figure S3. Hydrodynamic diameter (size), polydispersity index (PDI), and zeta

IS
°

Zeta Potential [mV]
~
°

o

il

o o A N \‘J WQ

T
“

o
°
N
o

potential of P(SpBAE)-OA polyplexes at various N/P ratios.

The cellular uptake of the polyplexes at N/P 5, 7, and 10 was determined by flow
cytometry. As shown in Figure S4, the P(SpBAE)-OA polyplexes at N/P 7
showed the highest cellular uptake but still less than hyperbranched polyethyl-
enimine (hyPEI25K), P(SpBAE)-OA at N/P 10 showed less cellular uptake than
P(SpBAE)-OA polyplexes at N/P 5 which could be due to the cytotoxicity.
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Figure S4. Cellular uptake of polyplexes quantified by flow cytometry and pre-
sented as median fluorescence intensity corrected by autofluorescence of un-
treated blank cells (H1299 cells, AF488-siRNA, n = 2)

Since the P(SpBAE)-OA polyplexes showed the highest cellular uptake at N/P 7,
the polymer was then encapsulated with siGFP (siRNA against green fluores-
cence protein) to determine the gene silencing efficiency. As shown in Figure S5,
compared with polyplexes encapsulated with siNC (scrambled siRNA),
P(SpBAE)-OA siGFP polyplexes achieved a significant GFP knockdown statisti-
cally but only 10%. The gene knockdown efficiency was low could be due to the
low cellular uptake of the polyplexes, and the low cellular uptake could be at-

tributed to the excessive hydrophobic modification of oleic acid.
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Figure S5. Enhanced green fluorescent protein (eGFP) knockdown of
P(SpBAE)-OA polyplexes in H1299 cells expressing eGFP quantified by flow cy-
tometry as median fluorescence intensity (Mean £ SD, n = 2, One-way ANOVA

with Bonferroni multiple comparison test, ***p < 0.001)
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Abstract

Polyethylenimine (PEI) is a commonly used cationic polymer for small-interfering
RNA (siRNA) delivery due to its high transfection efficiency at low commercial
cost. However, high molecular weight PEI is cytotoxic and thus, its practical ap-
plication is limited. In this study, we investigated different formulations of low mo-
lecular weight PEI (LMW-PEI) based copolymers PEI-PCL (800 Da-40 kDa) and
PEI-PCL-PEI (5 kDa-5 kDa-5 kDa) blended with or without PEG-PCL (5 kDa-4
kDa) to prepare nanoparticles via nanoprecipitation using a solvent displacement
method with sizes around 100 nm. PEG-PCL can stabilize the nanoparticles, im-
prove their biocompatibility, and extend their circulation time in vivo. The nano-
particles composed of PEI-PCL-PEI and PEG-PCL showed higher siRNA encap-
sulation efficiency than PEI-PCL/PEG-PCL based nanoparticles at low N/P ratios,
higher cellular uptake, and a gene silencing efficiency of around 40% as a result
of the higher molecular weight PEI blocks. These results suggested that the PEI-
PCL-PEI/PEG-PCL nanoparticle system could be a promising vehicle for siRNA

delivery at minimal synthetic effort.

1. Introduction

After RNA interference (RNAI) was discovered over 20 years ago,’ the field of
RNAi-based therapeutics is now growing rapidly. The first siRNA-based drug
patisiran (Onpattro®) was approved by the U.S. FDA in 2018 for polyneuropathy
of hereditary transthyretin-mediated amyloidosis, and givosiran (Givlaari®) was
approved in 2019 for acute hepatic porphyria.2'# 215 In 2020, lumasiran (Oxlumo®)
was approved for the treatment of primary hyperoxaluria type 1 (PH1).2'6 In 2021,
inclisiran (Leqvio®) was approved and the latest approved siRNA agent is
vutrisiran (Amvuttra®). Additional siRNA-based drugs are in the pipelines. The
approval of siRNA-based drugs fostered a new interest from industrial and aca-
demic groups in RNAI therapeutics.2'® However, the delivery of siRNA, which is
a double-stranded siRNA with 21-25 nucleotides and can induce RNAI, remains

a challenge. As siRNA molecules are hydrophilic, anionic macromolecules, they
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cannot cross cell membranes by passive diffusion for efficient cellular uptake;
also, due to enzymatic degradation, and its fast renal clearance, the half-life of

naked siRNA in blood circulation is very short.?

Among the vast family of non-viral nucleic acid delivery systems, polyethyl-
enimine (PEI) and its derivatives have taken a prominent position due to their
high encapsulation efficiency at low commercial cost.®® However, the transfection
efficiency and cytotoxicity of PEI are strongly dependent on the molecular
weight.?'” PEI with high molecular weight (HMW-PEI), such as the commonly
used branched PEI with a molecular weight of 25 kDa, exhibits both higher trans-
fection efficiency and higher cytotoxicity than smaller PEls.'37-218 |n addition, high
molecular weight PEI may accumulate during in vivo application, since there is
no degradation pathway or a mechanism of excretion known for such mole-
cules.?'® Low molecular weight PEI (LMW-PEI, <22 kDa) is non-cytotoxic and can
also be eliminated from systemic circulation through the kidneys.2'® However, the
lower molecular weight also causes low transfection efficiency due to weak nu-
cleic acid binding abilities and insufficient protection from nucleases.?'” To cir-
cumvent the low transfection efficiency of LMW-PEI, researchers have adopted
various strategies, for example, crosslinking LMW-PEI to form biodegradable
HMW-PEI,®"- 220 modifying with polyethylene glycol (PEG), targeting peptides and
hydrophobic groups.??" In particular, hydrophobic group conjugation to LMW-PEI
has been proven to be an effective strategy to improve nucleic acid delivery,
which may be due to the improved cellular uptake, endosomal escape, and the
unpacking of polyplexes intracellularly.??>??4 For example, Zheng et al. conju-
gated lipoic acid to PEI (Mw 1800 Da) and increased the transfection efficiency

in 293T cells and Hela cells.222

Amphiphilic polymer structures containing polycaprolactone (PCL) as hydropho-
bic segments grafted onto PEI could in principle form micelles exhibiting a core-
corona structure with improved colloidal stability in aqueous dispersion and bio-
logical fluids. Also, the micelle-like architecture could potentially promote the
transmembrane transport, thus enhancing the transfection efficiency.?25 226 More-
over, the core-corona architecture could offer the possibility of multi-functionality
whereby the co-delivery of siRNA in the corona by electrostatic interaction and
hydrophobic chemicals (e.g. quantum dots, paclitaxel) in the core due to the hy-

drophobic interaction could be achieved.%®



Chapter IV 106

The main goal of this study is to develop an efficient and safe siRNA delivery
system based on LMW-PEI. To this extent, we compared LMW-PEI|-based copol-
ymers PEI-PCL (800 Da-40 kDa) and PEI-PCL-PEI (5 kDa-5 kDa-5 kDa) with
varying amounts of cationic and hydrophobic ratios and block structures and sep-
arately blended each copolymer with PEG-PCL (5 kDa-4 kDa) to prepare nano-
particles via nanoprecipitation (solvent displacement). PEG-PCL functions as a
stabilizer in the nanoparticles, where the PEG section can shield the positive
charge of PEI to improve the nanoparticles’ biocompatibility; PEG can also coun-
teract protein absorption while maintaining suspension stability and extending the
circulation time in blood.'®® Three methods were compared to optimize the prep-
aration of nanoparticles for optimized size and zeta potential of the nanoparticles,

siRNA encapsulation efficiency, cellular uptake, and GFP knockdown efficiency.

2. Results & Discussion

2.1 Size and zeta potential of NPs-siRNA complexes

The commercially available polymer PEI-PCL (800 Da-40 kDa) was initially used
to prepare nanoparticles. Because of the poor solubility of this polymer in water
due to a high hydrophobic polymer ratio, the NPs-siRNA complexes were pre-
pared by nanoprecipitation methods. The typical procedure for nanoprecipitation
is to dissolve the polymers in water-miscible organic solvents (organic phase)
and to add the organic phase to a nonsolvent of polymer (aqueous phase). The
PEI-PCL is not soluble in acetone or ethanol but soluble in THF. Therefore, THF
was chosen for all experiments with PEI-PCL and three different methods were
evaluated for the formation of NPs-siRNA at various N/P ratios Method 1 is a
common method, where the blank NPs are prepared first and then loaded with
siRNA. As shown in Figure 1, the NPs-siRNA prepared by methods 1 and 2, in
general, had smaller sizes (around 100 nm) than the ones prepared by method
3. However, the sizes of NPs-siRNA prepared with method 1 at N/P 7 and 10
were large. It was hypothesized that the net charges of the nanoparticles were
not sufficient to stabilize the nanoparticles as reflected by the neutral zeta poten-
tial. The large sizes of NPs-siRNA obtained with method 2 at N/P 6 can also be
explained by aggregation and insufficient SiRNA encapsulation due to the same

reasons.
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Figure 1. Hydrodynamic diameter (Size), polydispersity index (PDI) and zeta po-
tential of NPs-siRNA prepared by methods 1 (blue), 2 (orange) and 3 (purple).

Nanoprecipitation (solvent displacement) is one of the most commonly used
methods for preparing biodegradable submicron particles.??” Different mecha-
nisms have been proposed to explain particle formation of the solvent displace-
ment technique. Vitale and Katz proposed the “ouzo effect” in 2003.222 On mixing
with water, the oil becomes supersaturated, which results in the nucleation of oil
droplets. Oil immediately begins to diffuse to the nearby droplets, until the super-

saturation decreases and no further nucleation occurs.?2°

Various parameters can influence nanoprecipitation. For instance, the stirring
rate can influence the size and entrapment efficiency of the nanoparticles. A low
stirring speed rate leads to high drug entrapment efficiency,?3° while a high stir-
ring speed can produce nanoparticles of smaller size.?3" The size of the nanopar-
ticles is also related to the polymer concentration in the organic phase, where
lower concentrations could produce smaller nanoparticles.?3? Besides, the sys-
tem temperature and organic phase addition method can also influence the char-
acteristics of the nanoparticles.??” The organic phase can be added to the aque-
ous phase dropwise?® or rapidly dispersed?** or added at a constant speed.?3°
Here, we added the organic phase (THF solution) dropwise which is a commonly
used method.

The amphiphilic diblock copolymer PEG-PCL is rationally used as a stabilizer in

this experiment. The aqueous suspensions of hydrophobic solute NPs are non-
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equilibrium systems, and the high interfacial surface area renders such systems
prone to aggregation. Thus a stabilizer is necessary unless the surface is charged,
or modified through adsorption of ionic surfactants or polymers.232 236 PEG-PCL
offers several advantages: during NPs formation, it can arrest solute particle
growth and provide stabilization before aggregation; PEG can prolong the circu-
lation time in vivo; as a diblock copolymer, PEG-PCL has lower critical micelle
concentration (CMC) than small-molecule surfactants, which enhances the sta-

bility of nanoparticles and offers longer protection from opsonization in vivo.?3?
236

2.2 SYBR gold assay of PEI-PCL/PEG-PCL nanoparticles

The siRNA encapsulation efficiency of the nanoparticles prepared by methods 1,
2 and 3 were all determined by SYBR gold assays. In this assay, free or unbound
siRNA is accessible to the intercalating dye SYBR gold, and is quantified based
on the fluorescence emitted.”® The data is reported as the ratio of the formula-
tion’s fluorescence to free siRNA. As shown in Figure 2, the nanoparticles pre-
pared by method 1 where siRNA is added to pre-formed particles cannot encap-
sulate siRNA quantitatively even at N/P 15, while the nanoparticles prepared by
methods 2 and 3 can almost fully encapsulate the siRNA from N/P 6 on. The
siRNA encapsulation efficiency of particles prepared by methods 2 and 3 is better
than that of particles prepared by method 1. This observation can be explained
by the siRNA more adequately interacting with PEI-PCL in a small volume and
before the NPs are formed. The siRNA encapsulation trends of the particles pre-
pared with the three different methods are corresponding to the zeta potential of
the nanoparticles: when the siRNA was fully encapsulated, the zeta potential was
positive possibly with PEI-PCL on the surface. However, when free siRNA was
present on the surface, the zeta potential was negative. For NPs-siRNA prepared
by method 2 and method 3 at N/P 6, still 1-2% of free siRNA was left, resulting in
a negative zeta potential. Additionally, the PEG segment is also slightly negative
in buffer, adding another explanation for the zeta potential of NPs-siRNA at N/P
6.
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Figure 2. siRNA encapsulation efficiency of PEI-PCL/PEG-PCL nanoparticles
prepared by methods 1, 2 and 3 measured by SYBR gold assay. The fluores-
cence of free siRNA was set as 100% fluorescence value. Data points indicate
Mean £ SD, n = 3.

2.3 Cellular uptake of PEI-PCL/PEG-PCL nanoparticles

The cellular uptake of the NPs-siRNA complexes at various N/P ratios was de-
termined by flow cytometry. Alexa Fluor 647 labeled siRNA (AF647-siRNA) was
used for this experiment, as the fluorescence of AF647 seems more stable than
AF488 when stirred for 3 h and exposed to light. As shown in Figure 3, compared
with LMW-PEI (PEI 1.3 kDa in method 1, PEI 800 Da and 1.3 kDa in method 2),
the LMW-PEI-based nanoparticles showed significantly higher cellular uptake,
which can be explained by enhanced colloidal stability of the nanoparticles and
improved serum resistance. Particles prepared by method 2 showed higher cel-
lular uptake than particles obtained with method 1, which is expected to be a
result of higher siRNA encapsulation efficiency of the NPs prepared by method 2
as indicated by the SYBR gold assays. The NPs-siRNA complexes prepared by
method 3 showed the highest cellular uptake, which is also assumed to result
from the higher siRNA encapsulation efficiency of the latter nanoparticles. In
method 3, the siRNA was incubated with PEI-PCL/PEG-PCL polymer in THF so-
lution first, and the siRNA can bind with PEI-PCL during the incubation. It was
also hypothesized that the siRNA can be encapsulated into the core of the nano-
particles when the polymer solution is added to the aqueous phase, thus effi-
ciently protecting the siRNA from release. Similarly, Kly et al. first complexed
pDNA with PCL-b-P2VP (poly(e-caprolactone)-block-poly(2-vinyl pyridine)) in a

dioxane/acetic acid/water mixture and then added PCL-PEG and extra water.
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The nanoparticles finally formed with a “polyplexes-in-hydrophobic-core” archi-
tecture.?3” To prove our assumption, heparin competition assays were performed.
Despite the efficient encapsulation, the cellular uptake of nanoparticles prepared
with methods 2 and 3 was still much lower than the uptake observed with higher
molecular weight PEI (Mn = 10 kDa) polyplexes. However, the high positive
charge density of PEI 10K on the one hand is expected to encapsulate siRNA
even more efficiently. And on the other hand, the high charge density can en-
hance the interaction of polyplexes with the cell membrane and thus promote

cellular uptake.
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Figure 3. Cellular uptake of NPs loaded with AF647-siRNA prepared by method
1, method 2 and method 3 in H1299 cells as determined by flow cytometry. (Mean
+ SD, n=3)

2.4 Heparin competition assay of PEI-PCL/PEG-PCL nanoparticles

To evaluate the stability of the NPs-siRNA complexes and have a deeper under-
standing of the different behavior of the nanoparticles prepared by different meth-
ods, heparin competition assays were evaluated. For nonviral vectors, complex
stability is important and is influenced by the presence of competing anions in the
cell membrane or serum.?38-240 The heparin competition assay was performed in
the neutral (pH 7.4) and acidic (pH 4.5) buffer to mimic the environment of cyto-
plasm and endo/lysosomes, respectively. The nanoparticles prepared by method
2 and method 3 were selected because of their relatively higher cellular uptake.
As shown in Figure 4, the stability of all NPs-siRNA complexes decreased with
increasing heparin concentration, and siRNA was released due to the competition
with heparin polyanions. The release of siRNA at pH 4.5 was a bit higher than at
pH 7.4, which could be due to the further protonation of PEI and the repulsion of
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the PEIl molecules which loosens the PEI layer and thus promotes the siRNA
release.’#® 241 The nanoparticles prepared by method 3 are more stable in pres-
ence of heparin, which may explain the higher cellular uptake of these nanopar-
ticles. While polyplexes on the one hand need to be stable to protect the siRNA
from the competition with other polyanions and degradation from enzymes, on
the other hand, the siRNA has to be released to the cytoplasm to induce RNA.. If
the siRNA molecules are bound too tightly in the particles with too little release,
the gene silencing efficiency of the nanoparticles can be limited as well. Finding
a balance between the nanoparticles’ stability and release property is still a major

hurdle in the field of non-viral RNA vectors.
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Figure 4. Release profiles of siRNA from NPs-siRNA complexes (N/P = 10)
prepared by methods 2 and 3 in presence of heparin at pH 4.5 (A) and pH 7.4

(B). Results are given as mean normalized fluorescence (Mean £ SD, n =3).

Taking the results of the SYBR gold assays, cellular uptake and heparin assays
together, the binding capacity of the nanoparticles seems important. Optimizing
the formulation technique of the nanoparticles improved the cellular uptake. How-
ever, the formed NPs are still not as efficient as PEI with higher molecular weight.
Therefore, we decided to synthesize a polymer using an intermediate molecular
weight of PEI (5 kDa).

2.5 Synthesis of PEISK-PCL5K-PEISK

Polyethylenimine (branched PEI, 5 kDa) was conjugated to polycaprolactone-di-
acrylate (PCL-diacrylate, 5 kDa) via Michael addition reaction, and the unconju-
gated polymer was removed by dialysis. As shown in the "H NMR spectra in Fig-

ure S1, the peaks around 5.83 ppm, 6.12 ppm and 6.36 ppm belonging to the
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acrylate group of PCL-diacrylate disappeared in the spectrum of PEI-PCL-PEI,
which confirms successful conjugation of PEI and PCL-diacrylate. The peaks be-
tween 2.5 ppm to 2.9 ppm belong to PEI, the peaks at 1.38 ppm, 1.64 ppm, 3.30
ppm, and 4.06 ppm belong to PCL.

2.6 Characterization of PEI-PCL-PEI/PEG-PCL nanoparticles
The hydrodynamic diameter (size) and zeta potential of the PEI-PCL-PEI/PEG-

PCL nanoparticles were characterized by dynamic light scattering (DLS) and la-
ser doppler anemometry (LDA). As shown in Figure 5, increasing amounts of
PEG-PCL were used in different batches. The sizes of the nanoparticles were all
around 60 nm: in the first batch, the nanoparticles without PEG-PCL (PPP) were
63.69 nm, and the nanoparticles with 2 uL PEG-PCL (PPP + 2 uL PP) were 63.10
nm in hydrodynamic diameter. In the second batch, the nanoparticles with 2 L,
4 pL and 8 yL PEG-PCL (5 mg/mL) were all around 56 nm small. These results
indicate that the nanoprecipitation method is reproducible. The amount of PEG-
PCL did not have a visible influence on the size of the nanoparticles. There is a
slight difference from batch to batch, which might be due to the speed of adding
organic solvents or the variation of room temperature. However, the sizes of the
nanoparticle were all in the range of 50 nm — 100 nm, which is not expected to
lead to big differences regarding the in vitro performance.?*?> The zeta potentials
of all the nanoparticles without loading siRNA were around 40 mV. When loaded
with siRNA at different N/P ratios, the sizes of the NPs-siRNA complexes differed
depending on the N/P ratio, and ranged from 61.1 nm (PPP/PP NPs-siRNA N/P
3) to 108.7 nm (PPP NPs-siRNA N/P 1). For PEI5SK-PCL5K-PEI5K, we assume
that the higher molecular weight of PEl is sufficient enough to encapsulate siRNA.
Therefore, we prepared blank nanoparticles first and loaded them with siRNA
afterwards (method 1). Acetone was used instead of THF because of its lower
boiling point for evaporation and removal. Also, acetone is better tolerated by
cells and tissues.?*3 Indeed, acetone was also initially chosen for the polymer
PEI-PCL (800 — 40 kDa), however, due to its insolubility in acetone, THF was
used as an alternative. Not surprisingly, we did observe cytotoxicity with THF,
which cannot be eliminated by overnight evaporating under fume hood, in vacuo

or dialysis, but can only be removed by freeze-drying (Figure S$2). When distilled
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water was used for the preparation of PEI-PCL based nanoparticles, the sizes of
the nanoparticles were not reproducible. Hence, 10 mM HEPES was used for the
PEI-PCL based nanoparticles, while for PEISK-PCL5K-PEI5K based nanoparti-
cles we did not have this problem using distilled water. This could be due to the
different net charge of the PEI segments in the polymers leading to different col-
loidal stability. Methods 2 and 3 were not used with PEI-PCL-PEI, because on
one hand, the content of PEI of the triblock copolymer was much higher than that
of PEI-PCL. Additionally, to prepare nanoparticles with method 2 and method 3,
a lot of siRNA was necessary, and the produced micelleplexes are unstable and
uneconomical for storage. For method 1, the blank NPs can be simply stored at

4 °C. On the other hand, for method 2 and 3, there might be possible degradation

of siRNA during the solvent evaporation process over 3 h. In fact, the PEI-
PCL/PEG-PCL nanoparticles prepared by method 3, did not mediate significant
GFP knockdown (Figure S3) although they showed a relatively high cellular up-
take. One possible explanation could be degradation of siRNA during preparation

or storage, or a limited release of siRNA, of course.
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Figure 5. Size and zeta potential of PEI-PCL-PEI/PEG-PCL blank nanoparticles
with different amounts of PEG-PCL (A, B, C, D). Size and zeta potential of PEI-
PCL-PEI NPs-siRNA complexes (E, F). Size and zeta potential of PEI-PCL-
PEI/PEG-PCL NPs-siRNA complexes (G, H, 2 yL PEG-PCL). PPP: PEI5K-
PCL5K-PEI5SK (5 mg/mL, 200 uL), PP: PEG-PCL (5 mg/mL).
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2.7 siRNA encapsulation efficiency of the PEI-PCL-PEI/PEG-PCL
nanoparticles

The siRNA encapsulation efficiency of the PEI-PCL-PEI nanoparticles with and
without PEG-PCL was determined by SYBR gold assay. As shown in Figure 6,
the NPs with 2 yL PEG-PCL have lower encapsulation efficiency at N/P 1 and 3,
which could be due to steric hindrance of PEG-PCL. However, this hindrance
effect was compensated for at higher N/P ratios. Both nanopatrticle types (PEI-
PCL-PEI NPs and PEI-PCL-PEI/PEG-PCL NPs) can quantitatively encapsulate
siRNA from N/P 5 on. Compared with the nanoparticles prepared from PEI-PCL
(800 Da-40 kDa) (Figure 2, method 1) which cannot quantitatively encapsulate
siRNA even at N/P 15, the siRNA encapsulation efficiency of this PEISK-PCLS5K-
PEISK based NPs is highly efficient.

SYBR Gold Assay
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Figure 6. siRNA encapsulation efficiency of PEI-PCL-PElI NPs and PEI-PCL-
PEI/PEG-PCL nanoparticles measured by SYBR gold assay at increasing N/P

ratios. The fluorescence of free siRNA was set as 100%, Mean + SD, n = 3.

2.8 Dye quenching assay

A dye quenching assay was also applied to investigate the binding behavior of
nucleic acids by PEI-PCL-PEI nanoparticles with and without PEG-PCL. The
Cyb5-labeled siRNA is encapsulated in the polyplexes and when the spatial prox-
imity of the Cy5-siRNA molecules are close enough, the fluorescence of Cy5 will
be quenched by each other. 244 As shown in Figure 7, the relative fluorescence
intensity was lowest at N/P 5, which means that the highest number of siRNA

molecules was encapsulated per particle at this N/P ratio. This result corresponds
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to the SYBR gold assay result where siRNA was quantitatively encapsulated from
N/P of 5 or higher. It was described earlier that with an increase of the N/P ratio
beyond this point the siRNA molecules are distributed to more nanoparticles.
Thus the amount of siRNA in each particle is less leading to a decreased quench-

ing effect and increased relative fluorescence intensity.?44

Dye-quenching assay
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Figure 7. Dye quenching assay. The fluorescence of Cy5-labeled siRNA mole-
cules is quenched by each other in a “multimolecular complex” due to close spa-
tial proximity. Both curves have a minimum fluorescence at N/P = 5, after which
the fluorescence increases again due to a decreased number of siRNA molecules

per nanoparticle.

2.9 Cellular uptake of PEI-PCL-PEI/PEG-PCL nanoparticles
The cellular uptake of PEI-PCL-PEI/PEG-PCL nanoparticles loaded with AF488-

siRNA was measured by flow cytometry. As shown in Figure 8, the cellular up-
take of PEI-PCL-PEI (PPP) nanoparticles without any PEG-PCL showed rela-
tively low cellular uptake. The formulation PEI-PCL-PEI (5 mg/mL, 200 uL) with
PEG-PCL (5 mg/ml, 2 uL) showed the highest cellular uptake at N/P 7 which is
even higher than the uptake mediated by hyperbranched PEI with a molecular of
25 kDa (hyPEI25K, N/P 7). Interestingly, the NPs-siRNA complexes with 4 pL
PEG-PCL and 8 pL also showed a lower cellular uptake than the formulations
with 2 uyL PEG-PCL. For the nanoparticles with various amounts of PEG-PCL,
the cellular uptake at N/P 10 is a bit lower, which could be due to possible cyto-
toxicity. The nanoparticles with PEG-PCL showed higher cellular uptake which
was hypothesized to be a result of PEG mediating serum stability in a serum-
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containing cell culture medium.'% However, too much PEG is known to shield the
positive charge of PEI, which in principle could improve cellular bioavailability but
also weakens the interaction of the nanoparticles with the cell membrane, thus
leading to a decreased cellular uptake.?® We also found that PEI-PCL-PEI should
be freshly synthesized, and the solubility of PEI-PCL-PEI in acetone decreased
after storage at -20 °C, which could be due to PCL aggregation or partial degra-
dation of PCL as well as PEI gelling.
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Figure 8. Cellular uptake of PEI-PCL-PEI/PEG-PCL NPs loaded with AF488-
siRNA in H1299 cells quantified by flow cytometry and corrected by the autofluo-
rescence of untreated cells. PPP: PEI-PCL-PEI, 5 mg/mL, 200 pL. PP: PEG-PCL,
5 mg/mL.

2.10 GFP knockdown of PEI-PCL-PEI/PEG-PCL nanoparticles

To evaluate the gene silencing efficiency of the nanoparticles on the protein level,
we evaluated knockdown of enhanced green fluorescent protein knockdown
(eGFP) in stably expressing cells after transfection with PEI-PCL-PEI nanoparti-
cles containing different amounts of PEG-PCL nanoparticles at N/P 7. Only N/P
7 was chosen based on the cellular uptake results. As shown in Figure 9, the
knockdown efficiency of PEI-PCL-PEI nanoparticles with 2 yL, 4 yL and 8 uL
PEG-PCL was 38.29%, 40.28% and 42.34% respectively. Regardless of the for-
mulations’ different behavior in the cellular uptake experiment, their knockdown

efficiency was comparable, which could be due to the limited endosomal escape
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ability of the nanoparticles. Endosomal escape is the biggest obstacle to intracel-
lular siRNA delivery. Once internalized, the nanoparticles can be entrapped in
endosome/lysosomes, thus leading to the degradation of siRNA.” It was hypoth-
esized that only a small part of the internalized nanoparticles escaped success-
fully from the endosomes, thus resulting in similar GFP knockdown efficiency.
Compared to working with the triblock copolymer PEI-PCL-PEG,® the amount of
PEG-PCL in a blend system can be adjusted very easily. It should be noted that
PEG on the one hand can improve biocompatibility, and on the hand may de-
crease the transfection efficiency of nanoparticles due to the shielding effect of
positive charges.?® Hence, flexible adjustment may allow for facile tuning of the
formulation. Besides, when PEG is modified with targeting ligands, the amount of
targeting ligands usually needs to be optimized to achieve high cellular uptake
and accumulation in the targeted issue or organs.?*® Therefore, the blended PEG-

PCL strategy allows more flexibility and ease of fine-tuning the formulation.
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Figure 9. Green fluorescent protein (GFP) knockdown within a H1299 cell line
stably expressing eGFP (H1299/eGFP cells). LF: Lipofectamine™ 2000, PPP:
PEISK-PCL5K-PEI5SK, PP: PEG-PCL, siNC: negative control siRNA, siGFP:
siRNA against eGFP. (Mean + SD, n = 3, one-way ANOVA, "p < 0.001)
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3. Conclusion

In this project, we first utilized the commercially available PEI-PCL (800 Da-40
kDa) and PEG-PCL (5 kDa-4 kDa) to prepare nanoparticles. Based on the nano-
precipitation method, we developed three preparation methods and evaluated the
siRNA encapsulation efficiency, size and zeta potential, and cellular uptake of the
nanoparticles and found that the formulation technique had a strong impact on
siRNA encapsulation and cellular siRNA uptake. However, we also found that the
cellular uptake of PEI-PCL (800 Da-40 kDa) based nanoparticles was too low due
to the low binding capacity and low stability of PEI-PCL in the presence of poly-
anions such as the proteins in serum. Increasing the molecular weight of PEI to
5 kDa significantly improved the siRNA encapsulation efficiency and cellular up-
take. The final formulation PEI-PCL-PEI/PEG-PCL showed high cellular uptake
comparable with hyperbranched PEI (25 kDa) and also achieved a significant
gene silencing. These results suggested that the PEI-PCL-PEI/PEG-PCL nano-

particle system could be a promising vehicle for siRNA delivery.

4. Experimental Section/Methods

Materials

Polyethylenimine (branched PEI, Mn = 5 kDa, Lupasol® G100 and Lupasol@ WF,
Mn = 25 kDa, BASF, Germany), polyethylenimine-g-polycaprolactone (PEI-PCL,
800 Da-40 kDa), polyethylene glycol-b-polycaprolactone (PEG-PCL, 5 kDa-4 kDa)
and polycaprolactone-diacrylate (PCL-diacrylate, Mn = 5 kDa) were purchased
from PolySciTech® (Akina, Inc., USA). N, N-Dimethylformamide (DMF), Chloro-
form-D (Eurisotop, Germany), siRNA targeting green fluorescent protein (siGFP)
and scrambled non-specific control (siNC) were purchased from IDT (Integrated
DNA Technologies, Inc., Leuven, Belgium) and the sequences are shown in Ta-
ble 1. Further, polyethylenimine (branched PEI, Mn = 10 kDa), 2,4,6-trinitro-
benzesulfonic acid (TNBS), RPMI-1640 medium, fetal bovine serum (FBS), Pen-
icillin-Streptomycin (P/S), G418 disulfate salt solution, Dulbecco’s phosphate
buffered saline (PBS), 0.05% trypsin-EDTA solution, heparin sodium salt, HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) and sodium acetate were
purchased from Sigma-Aldrich (Taufkirchen, Germany). AlexaFluor 488 (AF488),
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AlexaFluor 647 (AF647) and SYBR gold dye were obtained from Life Technolo-

gies (Darmstadt, Germany).

Table 1. Sequences of siRNAs used in this study

Name Sense strand (5’-3’) Antisense strand (3’-5)
siNC pCGUUAAUCGCGUAUAAUACGCGUat CAGCAAUUAGCGCAUAUUAUGCGCAUADp
siGFP pACCCUGAAGUUCAUCUGCACCACcg ACUGGGACUUCAAGUAGACGGGUGGC

p” represents a phosphate residue, lower case letters denote 2’-deoxyribonucle-
otides, capital letters express ribonucleotides, and underlined capital letters are

2’-O-methylribonucleotides.

Methods

Preparation and characterization of PEI-PCL/PEG-PCL based nanopatrticles: The
PEI-PCL/PEG-PCL nanoparticles were prepared by nanoprecipitation (solvent
displacement method) and three methods were developed based on nanoprecip-

itation (Scheme 1).

Method 1: PEI-PCL (800 Da-40 kDa) and PEG-PCL (5 kDa-4 kDa) were dis-
solved in 400 uL tetrahydrofuran (THF) with concentrations of 2 mg/mL and 0.05
mg/mL. The polymer solution in THF was then added to 800 uL 10 mM HEPES
buffer dropwise while stirring and was kept stirring at 350 rpom under a fume hood
for 3 h to evaporate the THF. When the blank nanoparticles were prepared, na-
noparticles were post-loaded with siRNA via simply incubation with the blank na-

noparticles.

Method 2: A specific amount of siRNA calculated according to the desired N/P
ratio was added to 800 yL 10 mM HEPES buffer. In parallel, 400 pL PEI-
PCL/PEG-PCL THF solution was prepared as in method | and was added to the
siRNA solution dropwise which was stirred at 350 rpm under a fume hood for 3
h.

Method 3: A specific amount of siRNA calculated according to the desired N/P
ratio was mixed with 200 yL THF, and the PEI-PCL/PEG-PCL THF solution as
prepared in method 1 in 200 yL THF was mixed with the siRNA THF solution and
incubated at room temperature for 30 min. The siRNA/PEI-PCL/PEG-PCL was
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then added dropwise to 800 yL 10 mM HEPES buffer and stirred at 350 rpm

under a fume hood for 3 h.
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Scheme 1. Schematic illustration of NPs-siRNA complexes preparation meth-
ods 1-3.

For the preparation of NPs-siRNA complexes, the amounts of PEI-PCL polymers

were calculated according to the following equation:
m(PEI-PCL) (in pg) = 50 pmol x 52 x N/P % 43.1 g/mol / 3.08%

where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the
molar ratio of the polymer’s protonable amine groups (N) and the siRNA phos-
phate groups (P); 43.1 g/mol is the protonable unit of PEI; 3.08% is the PEI
amount in PEI-PCL determined by TNBS assay as described in the following sec-

tion.

The size and zeta potential of the blank nanoparticles (NPs) and siRNA-loaded
nanoparticle complexes (NPs-siRNA) dispersed in 10 mM HEPES buffer were
determined using the Nano ZS (Malvern Instruments Inc., Malvern, UK), for each
measurement, measurements were taken in triplicate with 15 runs each and the

mean value was reported.
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SYBR gold assay of PEI-PCL/PEG-PCL based nanopatrticles: SYBR gold assays
were performed to determine the siRNA encapsulation efficiency of the NPs pre-
pared as described above. In brief, the NPs-siRNA complexes were prepared at
various N/P ratios via methods 1, 2, and 3. The NPs-siRNA was then added to
black 96-well plates with 100 uL for each well in triplicates. Subsequently, 30 yL
SYBR gold (4X) solution was added to each well and incubated in the dark at
room temperature for 10 min. Free siRNA was used as a control for the 100%
fluorescence value. The fluorescence was finally determined in a microplate
reader (TECAN, Switzerland, excitation: 485/20 nm emission: 520/20 nm).

Cellular uptake of PEI-PCL/PEG-PCL based nanoparticles: To determine the cel-
lular uptake of NPs-siRNA, Alexa Fluor 647 labeled siRNA (AF647-siRNA) was
used to prepare the NPs-siRNA. H1299 cells were seeded in 24-well plates
(50,000 cells/well) and grown in the COz2 incubator 24 h before use. Afterwards,
NPs-siRNA complexes (50 pmol AF647-siRNA/ well) diluted in RPMI-1640 com-
plete medium were added and incubated with the cells in the incubator for 24 h.
Subsequently, the NPs-siRNA solution was discarded, and the cells were rinsed
with PBS and detached with 0.05% Trypsin-EDTA. The detached cells were then
washed with PBS another 2 times and analyzed via flow cytometry (Attune NxT
Acoustic Focusing Cytometer, Thermo Fisher, Darmstadt, Germany) excited with
a 638 nm laser and detected with a RL1 filter (670/14 nm).

Heparin competition of PEI-PCL/PEG-PCL based nanoparticles: To estimate the
different behaviors of the NPs-siRNA obtained by different preparation methods
in cellular uptake and evaluate their stability in the presence of competing poly-
anions, heparin competition assays were performed. In brief, the NPs-siRNA
(N/P 10) were prepared by methods 2 and 3 in HEPES buffer (pH 7.4) or sodium
acetate buffer (pH 4.5), and free siRNA was used as negative control and set as
100% fluorescence value. The NPs-siRNA complexes and free siRNA were
added to a 96 well plate (60 uL/well), and heparin solution with various concen-
trations from 0.1 to 1 USP/well was added (10 pL/well) and incubated at room
temperature for 30 min. Subsequently, 4 X SYBR gold solution was added (30

pL/well) and incubated in the dark for 10 min. Intercalation-caused fluorescence
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was determined with a microplate reader (TECAN, Switzerland, excitation:
485/20 nm emission: 520/20 nm).

Synthesis of PEISK-PCL5K-PEISK: PEISK-PCL5K-PEI5SK was synthesized as il-
lustrated in Scheme 2. In brief, 100 mg PEI5K (branched PEI, Mn = 5 kDa) was
dissolved in 5 mL N,N’-dimethylformamide (DMF) and stirred at 40 C for about
10 min, then 50 mg polycaprolactone-diacrylate (PCL-diacrylate, Mn = 5 kDa) in
5 mL DMF was added dropwise to the PEI solution. After stirring at 40 C for 48
h, the solution was transferred to a dialysis kit (MWCO 6 kDa, Sigma) and the
reaction mixture was dialyzed against distilled water for 2 days. Finally, the aque-
ous product solution was lyophilized and the desired product was isolated as a
colorless solid. The chemical structure of the product was characterized via 'H
NMR spectroscopy. Yield: 31%-54%

NH, (\N/\/NH

HaN N\/\N/\/N\./\ ~_-N M
0/\/0\/\0 “/\ _ DMF
[ 40°C,48h

N N, n

PEI PCL diacrylate

(\NHE (\N/\,NHr I/\N/\/NH
N~ /\,N\/\ /\\/N N\/\ /‘\/N\/'\ N
Lk N N O/\VOM\OMD]\(\( N K
n

N
HN™ > N, T \/\NHg

PEI-PCL-PEI

Scheme 2. Synthesis route of PEI5K-PCL5K-PEI5K

TNBS assay of PEISK-PCL5K-PEI5SK: To determine the PEI content in the copol-
ymer PEISK-PCL5K-PEISK, a TNBS assay was carried out. TNBS (2,4,6-Trini-
trobenzene Sulfonic Acid) is a rapid and sensitive assay reagent for the determi-
nation of free amino groups.?*® Primary amines, upon reaction with TNBS, form
a highly chromogenic derivative, which has specific absorbance and can be used
for quantitative measurements of amines.?*” A series of PEI5K high-purity water
solutions were prepared as the standard solutions. An aliquot of 100 uL sample
and the standard solution was mixed with 30 pL of a 1.76% TNBS solution (w/v
in 0.1 M Borax) in a transparent microwell plate. After incubation at room temper-
ature for 1 h, sample absorbance was assessed at 405 nm in a microplate reader

(TECAN, Switzerland). Results were compared with the standard dilution series.
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Preparation and characterization of PEI-PCL-PEI/PEG-PCL based nanopatrticles:
The nanoparticles were prepared via solvent displacement method (nanoprecip-
itation) similar to method 1 described above. In brief, 200 L PEI-PCL-PEI (5 kDa-
5 kDa-5 kDa, 5 mg/mL) and 2 uL, 4 pyL or 8 pyL of PEG-PCL (5 kDa-4 kDa, 5
mg/mL) in acetone was mixed and then injected into 1 mL distilled water while
stirring (350 rpm). After stirring and evaporating the acetone in a fume hood for 3
h, the NPs in distilled water were characterized using a NanoZS zeta sizer (Mal-

vern Instruments Inc., Malvern, UK).

For the preparation of siRNA-loaded nanoparticle-siRNA complexes (mi-
celleplexes), the amounts of blank nanoparticles were calculated according to the

following equation:
m(PEI-PCL-PEI) (in pg) = 50 pmol x 52 x N/P x 43.1 g/mol / 64.75%

where 52 is the number of nucleotides of the 25/27mer siRNA; N/P ratio is the
molar ratio of the polymer’s protonale amine groups (N) and the siRNA phosphate
groups (P); 43.1 g/mol is the protonable unit of PEI; 64.75% is the PEl amount in
PEI-PCL-PEI determined by TNBS assay. The nanoparticle suspension was
mixed with the siRNA solution and incubated at room temperature for 2 h to form

micelleplexes ready to be used in subsequent experiments.

SYBR Gold assay of PEI-PCL-PEI/PEG-PCL based nanopatrticles: To determine
the siRNA encapsulation efficiency of the nanoparticles, SYBR Gold assays were
performed. In brief, the micelleplexes at N/P 1, 3, 5, 7, 10, 15 and 20 were pre-
pared. To this extent, 100 pyL of the micelleplexes were added to a 96-well plate
in triplicate. Free siRNA solution with the same amount of siRNA (N/P = 0) was
used as negative control, and the fluorescence value was set as 100%. Subse-
quently, 30 yL of SYBR gold solution (4x) was added to the plate and incubated
in the dark at room temperature for 10 min. Finally, the fluorescence was deter-
mined using a microplate reader (TECAN, Switzerland, excitation: 485/20 nm

emission: 520/20 nm.).



Chapter IV 125

Dye quenching assay: Dye quenching of covalently modified molecules is an-
other method to investigate the binding behavior of nucleic acids by poly-
cations.?** PEI-PCL-PEI NPs and PEI-PCL-PEI/PEG-PCL NPs were prepared as
described above. Here, 30 pmol Cy5-siRNA was complexed with nanoparticles
at different N/P ratios. The remaining fluorescence of the micelleplex suspen-
sions (100 yL) was determined using a microplate reader (TECAN, Switzerland,
excitation: 621/20 nm, emission: 666/20 nm). Free Cy5-siRNA in 10 mM HEPES

buffer represents 100% fluorescence.

Cellular uptake of PEI-PCL-PEI/PEG-PCL based nanopatrticles: The nanoparti-
cles were prepared as described above. Alexa Fluor 488 labeled siRNA (AF488-
siRNA) was then incubated with the blank nanoparticles at room temperature for
2 h to form micelleplexes, and the cellular uptake was assessed by flow cytometry

with a 488 nm laser for excitation and BL1 filter (530/30 nm) for detection.

GFP knockdown of PEI-PCL-PEI/PEG-PCL based nanopatrticles: The nanoparti-
cles were prepared as described above. For nanoparticle loading, scrambled
siRNA (siNC) or siRNA against GFP (siGFP) was incubated with the blank nano-
particles at room temperature for 2 h. H1299/eGFP cells were seeded in 24-well
plate (25000 cells in 500 yL medium/well), after growth in CO2 incubator (37 C,
5% COg2) for 24 h, the cells were transfected with micelleplexes (NPs-siRNA com-
plexes) composed of siNC (50 pmol/well) or siGFP (50 pmol/well). Lipofectami-
ne™ 2000 formulated with siNC and siGFP were controlled groups. After 48 h in
the incubator, the transfected cells were detached and washed with PBS for flow
cytometry measurements (Attune Cytometer, Thermo Fisher Scientific, Darm-
stadt, Germany), with a 488 nm laser for excitation and BL1 filter (530/30 nm) for
detection.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the au-
thor.
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Figure S2. MTT assay of PEI-PCL/PEG-PCL nanoparticles (method 1) evapo-
rating under fume hood for 3 hours (before freeze-drying) and after freeze-drying,
the x axis indicates the volume of NPs per 100 pyL medium for each well in a 96-
well plate, the concentration of the NP stock suspension added is 1.37 mg/mL.
The amount of NPs for other in vitro evaluation experiments is less than 10 pL

NPs per 100 yL medium.
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Figure S3. Enhanced green fluorescence protein knockdown of PEI-PCL/PEG-
PCL NPs prepared by method 3. (Mean + SD, n = 2, two-way ANOVA with mul-
tiple comparisons, “p < 0.001, "p > 0.05)
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Summary and outlook

The main aim of the studies in this dissertation was to synthesize novel polymers
for siRNA delivery. Poly(B-amino ester)s and low molecular weight PEl-based

copolymers were synthesized and evaluated in these projects.

Chapter 1 is the starting point of the spermine-based Poly(B-amino ester)s. In
this chapter, spermine was first protected with ethyl trifluoroacetate and Boc an-
hydride. After removing the protecting group from ethyl trifluoroacetate and puri-
fication by column chromatography, the monomer tri-boc-spermine was obtained
and characterized by '"H NMR and ESI-MS. Tri-boc-spermine was polymerized
with 1,4-butanediol diacrylate to obtain the polymer named as P(BSpBAE). The
polymer was finally deprotected to yield another polymer P(SpBAE). The poly-
mers’ chemical structures were characterized by '"H NMR, and the molecular
weight of P(BSpBAE) was determined by GPC (Mn = 3565 Da, PDI 1.73).
P(SpBAE) was first evaluated for siRNA delivery. Unfortunately, although this
polymer can encapsulate siRNA efficiently according to the SYBR gold assays,
the cellular uptake of P(SpBAE) polyplexes was low and the polyplexes can
hardly knock down GFP expression in cell culture. According to the properties of
P(SpBAE) and the current literature, we assumed that hydrophobic modification
could improve its gene silencing efficacy. Considering that N-Boc groups are hy-
drophobic, we innovatively tried the N-Boc protected polymer for siRNA encap-
sulation and delivery. Interestingly, the polymer P(BSpBAE) achieved higher up-
take than Lipofectamine™ 2000, and this polymer also achieved around 60%
GFP knockdown. We further investigated the endosomal entrapment and cellular
uptake of the two types of polyplexes and found that hydrophobic modification
altered the cellular uptake mechanism and that P(BSpBAE) polyplexes had lower
endosomal entrapment. To achieve therapeutically relevant gene silencing, we
silenced mutated KRAS in lung cancer cells and performed a migration assay.
Interestingly, both of the polyplexes inhibited the migration of lung cancer cells
(A549) as confirmed by KRAS silencing on the protein level by western blot anal-

ysis.
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Figure 1. The chemical structures of spermine-based poly(B-amino ester)s.

Chapter 2 further investigates hydrophobic modifications of P(SpBAE)s. Decyla-
mine was used to co-polymerize with tri-boc-spermine and 1,4-butanediol diacry-
late, and the resulting polymer P(BSpDBAE) was characterized by '"H NMR and
GPC (Mn = 5987 Da, PDI 1.83). After deprotection, the polymer was named
P(SpDBAE). P(SpDBAE) was able to fully encapsulate siRNA from N/P 5 on, the
sizes of the polyplexes were around 50 nm except for polyplex formulations at
N/P 1 and 3 (~140 nm). The polyplexes also showed significantly higher cellular
uptake than hyperbranched PEI (25 kDa) and the GFP knockdown efficiency was
around 90%. This chapter confirmed the benefits of hydrophobic modification and
indicated that this amphiphilic spermine, decylamine-based poly(3-amino ester)

is a very promising material for polymeric siRNA delivery.

Chapter 3 studies the role of the hydrophobic modification. Oleylamine which
contains an unsaturated double bond was co-polymerized with tri-boc-spermine
and 1,4-butanediol diacrylate. To compare the effect of the hydrophobic modifi-
cation, we synthesized polymers P(SpOABAE) with 10%, 30%, and 50% of
oleylamine units named Sp0.9/0A0.1; Sp0.7/0A0.3 and Sp0.5/0A0.5, respec-
tively. The cellular uptake of the polyplexes and GFP knockdown efficiency of the
polyplexes were determined by flow cytometry. Sp0.5/0OA0.5 showed the highest

cellular uptake and the best GFP knockdown performance of more than 90%. An
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endosomal entrapment assay was also performed and found that the P(SpOA-
BAE) with a higher ratio of oleylamine (Sp0.5/0A0.5) achieved better endosomal
escape. This polymer was also spray dried and still showed excellent GFP knock-
down after storage for 4 months. These results suggested that appropriate mod-
ification of PBAEs with hydrophobic segments could improve the endosomal es-

cape of the polyplexes and enhance the gene silencing efficiency.

Chapter 4 reports the siRNA delivery study with low molecular weight PEI-based
copolymers. The commercially available PEI-PCL (800 Da-40 kDa) was first em-
ployed to prepare nanoparticles in a blending approach with PEG-PCL. Based on
the solvent displace method, we developed three methods for siRNA encapsula-
tion. The siRNA encapsulation efficiency, size, and zeta potential of the nanopar-
ticles and cellular uptake of each method were all analyzed. To further improve
the siRNA encapsulation efficiency, PEISK-PCL5K-PEISK was synthesized and
evaluated in blends with PEG-PCK. PEISK-PCL5K-PEISK/PEG-PCL nanoparti-

cles achieved higher cellular uptake and around 40% GFP knockdown efficiency.

With the synthesis of these polymers, one question we are wondering about is
what properties a polymer should have for siRNA delivery. Based on the chemical
structures and properties of our polymers including the PBAEs and PEl-based
copolymers, this thesis addresses several points: (1) a structure/property rela-
tionship exists, and the architecture of the polymers can affect the siRNA delivery
efficiency; (2) the brush-like PBAES’ side chains (spermine) can enhance the in-
teraction of siRNA with the polymer; (3) amphiphilic polymers achieved better
endosomal escape and gene silencing efficacy than hydrophilic polymers, with
the best results when the hydrophobic segments were around 30% - 50% of the
polymer molecular weight; (4) despite the hydrophobic monomers and hydrophilic
monomers being located randomly in the PBAE polymer molecule, the hydropho-
bic interaction of the hydrophobic segments enhanced the stability of the poly-
plexes. However, these conclusions are just based on several polymers, and to
draw a universal rule, a high-throughput synthesis may be needed to obtain more
convincing principles. Therefore, in the future more computer simulations should

be employed for predictions. Calculating the hydrophilic-lipophilic balance (HLB)



Summary and outlook 132

and partition coefficient (Log P) which are related to the amphiphilicity of the pol-
ymers and modeling the siRNA-polymer interactions and the interaction between

polyplexes/micelleplexes and cells could be interesting research topics.

Lastly, the polymers synthesized here can also be modified with ligands, for ex-
ample, transferrin, folate, and many more to achieve a targeted delivery of siRNA.
And polymers that efficiently deliver siRNA could also be tested for mRNA deliv-

ery as well.
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