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ABSTRACT

Regulation of gene expression using small interfering RNA (siRNA) is a
promising strategy for research and treatment of numerous diseases. However, siRNA
cannot easily cross the cell membrane due to its inherent instability, large molecular
weight and anionic nature. For this reason, a carrier that protects, delivers and unloads
siRNA is required for successful gene silencing. The goal of this research was to develop
a potential siRNA delivery system for in vitro and in vivo applications using cationic
polymers, chitosan and polyethylenimine (PEI), poly(ethylene glycol) (PEG), mannose,
and poly(D,L-lactic-co-glycolic acid) (PLGA). Furthermore, the delivery system was
constructed in two different ways to explore the effect of mannose location in the
structure. In the first approach, mannose and PEG were directly conjugated to the
chitosan/PEI backbone, while mannose was connected to the chitosan/PEI backbone
through PEG spacer in the second approach. First, the ability of modified chitosan
polymers to complex and deliver siRNA for gene silencing was investigated. Despite the
modified chitosan polymers successfully formed nanoplexes with siRNA, entered target
cells and reduced cytotoxicity of unmodified chitosan, they showed limited gene
silencing efficiency. For this reason, modified PEIs were examined to improve in vitro
gene knockdown. The modified PEI polymers also complexed with siRNA and
facilitated endocytosis of the nanoplexes. In addition, the modifications reduced inherent
cytotoxicity of unmodified PEI without compromising the gene silencing efficiency on
both mRNA and protein levels. Interestingly, we found that complexation of siRNA with
PEI-PEG-mannose resulted in higher cell uptake and gene silencing than complexes
made with mannose-PEI-PEG. Finally, the effect of sustained release of the
mannosylated pegylated PEI/siRNA nanoplexes on gene silencing was tested by
encapsulating the nanoplexes within PLGA microparticles. The modified PEIs enhanced

the entrapment efficiency of siRNA into the particles and resulted in reduced initial burst

www.manaraa.com



followed by sustained release. Incorporating the modified PEIs increased cellular uptake
of siRNA, whereas it did not enhance in vitro gene knockdown efficiency due to the
sustained release properties. The modified PEIs reduced the in vitro cytotoxicity and in
vivo hepatotoxicity of the PLGA microparticles. In addition, encapsulating the
nanoplexes into PLGA microparticles further reduced the cytotoxicity of PEL
Throughout the study, the second structure was proven more efficacious than the first
structure in cellular uptake, gene silencing, siRNA encapsulation, and sustained release.
We have developed novel polymeric siRNA delivery systems that enhance delivery
efficiency and cellular uptake of siRNA. They have great potential for utility as a long-

acting siRNA delivery system in biomedical research.
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ABSTRACT

Regulation of gene expression using small interfering RNA (siRNA) is a
promising strategy for research and treatment of numerous diseases. However, siRNA
cannot easily cross the cell membrane due to its inherent instability, large molecular
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We have developed novel polymeric siRNA delivery systems that enhance delivery
efficiency and cellular uptake of siRNA. They have great potential for utility as a long-

acting siRNA delivery system in biomedical research.
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CHAPTER 1: INTRODUCTION AND BACKGROUND

Gene Therapy

The idea of regulating gene expression for the treatment of genetic disorders
emerged decades ago. Gene therapy aimed to transfer a functional gene to replace or
repair a defected gene for the treatment of a disease. Introducing functional genes as a
treatment for a disease was first established when the first gene therapy clinical trial for
adenosine deaminase (ADA) deficiency via a viral carrier succeeded.! Encouraged by the
success of this trial, another clinical trial for the treatment of melanoma was conducted
and proven safe.” It resulted in numerous subsequent clinical trials primarily for treating
cancer such as melanoma, ovarian carcinoma, sarcoma, brain tumor and lung cancer.”"
There is tremendous potential for the application of gene therapy to inherited or acquired
genetic disorders including cancer, AIDS, cardiopathies, and neurologic disorders."" For
example, gene therapies are being developed to treat cancer using strategies such as
restricting proliferation of cancer cells, regulating angiogenesis, and stimulating an
immune response to attack cancerous cells. These strategies can be used in combination
with surgery, chemotherapy, or hormone therapy. There are, as with the development of
any drug, issues of gene target selection, route of administration, dosing and, in

particular, the scaling-up from preclinical models to clinical trials.'?

Gene Therapy with RNAi

Gene therapy using RNA interference (RNAi) machinery has a significant
potential for treatment of various diseases, as well as a tool for biomedical research.'* '
RNAI is a natural cellular mechanism by which a specific mRNA is targeted for
degradation with the purpose of decreasing the synthesis of the encoded protein.'> '® Tt
was discovered that long double-stranded RNAs (dsRNAs) reduced the translation of
complementary mRNAs in Caenorhabditis elegans."” Since the discovery, dsRNAs have

been applied in research to take advantage of RNAi by inhibiting specific genes.'™ " In
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addition to RNAI, long dsRNAs cause antiviral immune responses in higher organisms,
such as induction of type 1 interferon (IFN) and IFN-stimulated genes.”’ Therefore,
siRNAs, the shortened form of dsRNAs, are utilized in place of dSRNAs and stimulate
RNAIi with significantly reduced antiviral immune responses.”’ It has been used in
various research fields for diagnostic or therapeutic purposes.”* >

RNAI relies on an intracellular multistep process. (Figure 1-1) RNA can be
introduced into cells in various forms such as by itself, dSRNA, short-hairpin RNA
(shRNA), or plasmid DNA (pDNA). When introduced as pDNA or shRNA, it is
transcribed and processed into dsSRNA. Then the dsRNA is cut by an endoribonuclease
called Dicer into smaller siRNAs.**?* Then, siRNAs enter the multi-protein cluster,
RNA induced silencing complex (RISC).*® By recognizing the least stable 5’ end of the
double strand, RNA helicase in the RISC unwinds double-stranded siRNA into single
strands. One strand of the duplex (the passenger strand) is cleaved and discarded. The
other strand (the guide strand) is retained and directs a sequence —specific hybridization
to the target mRNA which has the complementary sequence to the guide strand.””*’ This
process leads to the specificity of the RNAi silencing. The target mRNA is cleaved by
RISC and rapidly degraded due to its unprotected ends.’*>* The RISC is recycled for
subsequent rounds leading this process to the selective silencing in the target mRNA,
which in turn results in decreased expression of the target gene. Selectively silencing
post-transcriptional mMRNA by RNAi represents a promising new approach for the

inhibition of gene expression in vitro and in vivo."

Small interfering RNA (siRNA)

SiRNA, 21-27 base-pair (bp) double-stranded RNA, plays a crucial role in
initiating the RNAi mechanism. > **** Synthetic siRNA drugs are built to mimic natural
siRNAs and take advantage of the natural RNAi system in a consistent and predictable

manner. Since siRNA enters the RNAi pathway at a later stage than long dsRNA or
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shRNA does, siRNA is less likely to cause adverse side effects.’> *® However, the
delivery of siRNA has faced a few challenges. Its backbone contains an extra hydroxyl
group which, unlike DNA, makes RNA more vulnerable to hydrolysis by serum
nucleases. Nucleases cleave along the phosphodiester backbone and lead to rapid
degradation of the nucleic acids in plasma and cytoplasm. This process results in a
shorter half-life of the nucleic acids.”” Furthermore, siRNA cannot passively diffuse
through the cellular membrane by itself due to its inherent instability, large molecular
weight (about 13kDa), and polyanionic nature.®** Because of these limitations, native

1444 To overcome this challenge, both viral and

siRNA has low delivery efficiencies.
non-viral carriers have been developed to facilitate siRNA delivery.'®* There are
several requirements to be a good candidate for siRNA delivery. It should be able to (i)
bind and condense siRNA protecting against enzymatic degradation,*® guide siRNA to

target cells and facilitate intracellular uptake, followed by (iii) escape from the lysosome

into the cytosol, (iv) and finally promote efficient gene silencing.*’

Viral Gene Delivery

To transfer genes efficiently into the cells, two types of techniques are utilized;
viral and non-viral vectors.*® Viral vectors are universal tools in molecular biology that
are used to deliver genetic materials into cells. Viral vectors capitalize on the molecular
mechanism of virus to transport their genomes inside the cells.* Reliable viral vectors
should have very little effect on the physiology of the infected cell to ensure the
replication of the inserted genomes. Numerous clinical trials for AIDS vaccines utilize
viral vectors as carriers.”’>* Viral vectors result in a strong transfection efficiency
because viruses are programmed to recognize certain cells and insert their DNA into
them. Since they are originated from pathogenic viruses, viral vectors are modified to
minimize the risk of handling and adverse effects. Viral vectors are based on a variety of

viruses such as retrovirus, adeno-associated virus (AAV), adenovirus, herpes simplex
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virus (HSV), lentivirus, human cytomegalovirus (CMV), Epstein-Barr virus (EBV),
poxvirus, negative-strand RNA virus (influenza virus), alphavirus, and herpesvirus
saimiri.'" > Viral vectors such as adenoviruses and retroviruses have been proven very
effective as delivery systems.™

However, there are issues associated with immunogenicity and potential
oncogenicity of viral vectors due to their inherent instability.”’ Concerns about
inadvertent gene expression changes following random integration into the host genome
still remain.”®>® Difficulties in large-scale production of viruses limit the practical
application.”” For these reasons, non-viral vectors such as liposomes or polymer
complexes have been harnessed to deliver genes with reduced adverse effects and

limitation of production relative to viral vectors.

Non-viral Gene Delivery

Non-viral carriers have been of interest for siRNA delivery because they are easy
to handle and they generate reduced specific immune responses relative to viral carriers.
The potential for large-scale production also favors non-viral delivery of siRNA.
Countless studies on DNA delivery have proven that cationic polymers as carriers are
effective in vitro and in vivo gene expression. However, the extra vulnerability of RNA
to enzymatic degradation has more challenges to cationic polymer-mediated RNA
transfer than it does to conventional pDNA delivery. Moreover, due to the difference in
structure and size of siRNA from that of pDNA, the different formulation parameters
need to be optimized in regards to the physical and biological features of the

polymer/siRNA polyplexes.*’

Chitosan
Chitosan is obtained from deacetylation of chitin, which is found abundantly in
crustaceans and fungi. It is a natural cationic polysaccharide in neutral or basic pH

conditions composed of beta (1-4) linked D-glucosamine (GlcN; D-unit) and N-acetyl-D-

www.manaraa.com



glucosamine units (GleNAc; A-unit).”' (Figure 1-2A) The pKa of these amino groups is
about 6.5, allowing the majority of them to be protonated at pH 5.5 and therefore
solubilized in an acidic solution.** In the physiological environment, chitosan can be
digested either by lysozymes or by chitinases in human intestine and in the blood.****
The primary amines in the chitosan backbone become positively charged in an aqueous
acidic solution. This process enables chitosan to bind to negatively charged siRNA via
electrostatic interactions and spontaneously form nano-sized complexes.”> Chitosan
nanoplex condenses and protects encapsulated genes from nuclease degradation as a
three-dimensional carrier.®® It is neutralized, positively charged at physiological pH, and
hydrophobic chitosan becomes insoluble. This unique property ensures nanoparticles
formed at low pH to remain physically stable at body pH without chemical crosslinking.®’
Moreover, its protonable amino groups help endosomal escape by buffering acidification.
Chitosan is a good candidate in a variety of biomedical applications including controlled
release, tissue engineering, weight loss supplement, and wound dressing, etc.®®”" In
particular, chitosan has great potential in gene delivery due to the nucleic acid binding
affinity and biocompatibility.*® "3

The molecular weight of chitosan influences the physicochemical properties and
in vitro gene silencing efficiency of chitosan/siRNA nanoplexes. Nanoplex should be
stable for extracellular siRNA protection; however, disassembly of the nanoplex is
required to release siRNA for subsequent interaction with RISC. A balance between
these two prerequisites is to be optimized.*’ Lower molecular weight chitosan (110kDa)
formed smaller complexes with siRNA compared to higher molecular weight chitosan
(270kDa).”* Chitosan molecules that had 5-10 times (64.8-170kDa) the length of siRNA
(13.36kDa) could form stable complexes with siRNA through electrostatic interactions
resulting in high gene silencing efficiency. In contrast, low molecular weight chitosan

(10kDa) could not complex and compact siRNA into stable particles, resulting in large

aggregates and very little knockdown.” Therefore, higher molecular weights of chitosan

www.manaraa.com



is a significant factor for gene knockdown using siRNA delivery. The concentration of
chitosan also affects the properties of the complexes. The mean particle size and surface
charge of chitosan/siRNA complexes are increased proportionally to the increased
concentration of chitosan.”* A high degree of deacetylation has been reported to increase
net positive charge of polymer building a greater siRNA binding capacity.” Chitosan
forms smaller complexes with siRNA prepared at higher N/P ratios over 50 (N/P ratio
represents the ratio of amino groups (N) in chitosan to phosphate groups (P) in siRNA)’
and results in improved gene silencing efficiency relative to chitosan/siRNA complexes

prepared at lower N/P ratios.”

Polyethylenimine (PEI)

Polyethylenimine (PEI) is a synthetic cationic polymer that has been investigated
as a potential non-viral delivery vehicle for oligonucleotides, siRNA and plasmid DNA in
vitro and in vivo.** > 7" Tt is one of the most densely charged polymers, because one
third of the atoms are nitrogen and one sixth of these nitrogen atoms carry a positive
charge at physiological pH. (Figure 1-2B) The protonable amino group at every third
atom provides two important properties of PEI. First, PEI can condense nucleic acids and
form positively charged complexes by electrostatic interactions. The other is effective
buffering capacity of PEI at most pH.*** As a result, it enables the proton sponge effect
over a wide range of pH. After being endocytosed, PEI buffers the acidification within
the endosome causing endosomal chloride accumulation. This leads to osmotic swelling
and rupture, which allows for endosomal escape of the PEI/siRNA polyplexes.** The
cationic PEI comes in two forms: linear and branched. Linear PEI provides efficient

gene delivery on account of the less condense complex, which enables faster dissociation

1.87 1.88

of the cargo than branched PEL."" Linear PEI is less cytotoxic than branched PE
Branched PEI has a ratio of primary:secondary:tertiary amine groups close to 1:1:1,

which allows the branched PEI more buffering capacity relative to linear PEL**°
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Branched PEI with higher molecular weights has shown great success for in vitro
transfections since it condenses nucleic acids more efficiently than the linear PEL’"*?
Although the cationic polymer PEI has promising potential as a gene delivery
vehicle, it is also associated with higher toxicity compared to other non-viral vectors.** %>
939 Toxicity and transfection efficiency of PEI depend on its molecular weight. When
PEI has higher molecular weight and degrees of branching, it condenses siRNA more
strongly causing higher delivery efficiency and higher toxicity.”>*'* Low molecular
weight polycations have shown less cytotoxicity, but they are less efficient at transfecting

101

cells.” Finding a suitable size of PEI can balance delivery efficiency and toxicity.

Cytotoxicity of PEI triggers cell death through both necrosis and apoptosis. ' ' 1%
The toxicity can be reduced by chemical modification with hydrophilic moieties like
poly(ethylene glycol) (PEG).™ 8 104-108

The characteristics of PEI/siRNA complexes depend on the charge ratio of PEI to
siRNA. In order for the nucleic acid to condense, approximately 90% of its charged
groups must be neutralized by the positive charge from the amine group in PEI, requiring
an N/P ratio of at least 2 to 3. The PEI/siRNA complexes with a higher charge ratio give
better transfection efficiency, but also show higher toxicity. The additional presence of
PEI aids in the release of the complex from the endosome; however, excessive PEI may

also cause membrane permeabilization.'® '

Poly(ethylene glycol) (PEG)

To overcome transient gene expression and reduce the toxicity of the carrier,

106, 111, 112
d.

chemical modifications are utilize They include coupling of the carrier to

other macromolecules like poly(ethylene glycol) (PEG) (Figure 1-2C), either alone or in

combination with a ligand for tissue or cell specific targeting.''* '

Introducing PEG to
the surface of nanoparticles creates a hydrophilic layer around it. This PEG layer

minimizes the adsorption of opsonin proteins by steric repulsion, which blocks and
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delays the first step in the opsonization process. This results in an increased serum half-
life, lower immunogenicity, and lower toxicity of the particles.'> ''® A surface PEG
chain larger than 2 kDa is able to significantly delay the recognition of the particle by the
immune system. This minimum molecular weight is due to the inflexibility of shorter
PEG chains. Moreover, as the molecular weight increases above 2 kDa, the half-life of
the pegylated particles in circulation increases.'''** PEG is a non-biodegradable
polymer that can be secreted primarily through renal excretion with the molecular weight
smaller than 5 kDa. PEG bigger than 5 kDa can be secreted through the fecal route.
Altering the size of the PEG used can change pharmacokinetic activity of drugs. It is
preferably accumulated in the liver and spleen. It is approved by the FDA for internal

. . . . .. 121-12
use due to its nontoxic and non-immunogenic characteristics. 3

Mannose
Specific ligands can bind to target cell surface receptors and promote receptor-

mediated endocytosis.'** Mannose is often used as a ligand that binds mannose receptors
on cells to aid in the endocytosis of the carriers and increase the gene delivery efficacy.
(Figure 1-2D)'* The mannose receptor is expressed on antigen presenting cells (APCs;
dendritic cells, macrophages) and liver endothelial cells.'**'*® APC-targeted vaccines

have strong potential to guide exogenous antigens into vesicles that process the antigen

129

for major histocompatibility complex (MHC) class I and class II presentation. ~ In this

process, the mannose receptor plays a key role in innate and adaptive immune

130, 131 : - -
responses. The mannose receptor is also expressed on the surface of glial cells in

the brain; astrocytes and microglia can be turned into immune-competent cells.'** A

number of studies have shown that mannosylated nanoparticles enter Raw264.7 cells via

124, 133-135

receptor-mediated endocytosis. Mannose-PEI/DNA complexes have been

136

shown more efficient in gene expression than PEI/DNA complexex. Chitosan-
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mannose/DNA microspheres enhanced serum antibody and cytotoxic T lymphocyte
(CTL) responses through targeted dendritic cell overactivation compared to naked
DNA."”7  Chitosan-mannose/DNA complexes showed higher transfection efficiency
relative to chitosan/DNA complexes through a mannose-mediated receptor-specific

: L - 138, 139
endocytosis mechanism in mouse peritoneal macrophages. ™

Poly(D,L-lactic-co-glycolic acid) (PLGA)

Poly(D,L-lactic-co-glycolic acid) (PLGA) is a biocompatible and biodegradable
polymer that has an FDA approval for human use.'* It has been extensively studied for
encapsulation and controlled delivery of drugs.'*'"'* PLGA is a biodegradable polymer
because it is hydrolyzed in the body to produce the original monomers, lactic and
glycolic acids, that can be metabolized through the citric acid cycle.'** (Figure 1-2E)
PLGA polymers can be converted into insoluble microparticles that can be loaded with
therapeutic molecules. PLGA microparticles of appropriate size are reported to be
efficiently taken up by mouse and human dendritic cells (DCs), and slowly hydrolyzed to
induce prolonged antigen stimulation.'*> The PLGA microparticles have advantages in
protection and sustained release of the cargo. These are of particular interest for sSiRNA
therapy due to the inherent susceptibility of siRNA to serum nuclease hydrolysis.'*
SiRNA-loaded PLGA particles have shown in vitro gene knockdown capacities.'*’
PLGA particles can carry siRNA by two different methods: (1) siRNA can be
encapsulated inside the particles, (2) or adsorbed onto the surface of the modified PLGA
particles via electrostatic interactions. The PLGA particles in the latter method could
have cationic charges on the surface by chemical modification.'*® In regards to
formulation development, it is challenging to efficiently encapsulate high amounts of
hydrophilic macromolecules like siRNA into uniform PLGA particles. This difficulty in

loading of siRNA into PLGA particles can be attributed to the hydrophobic nature of
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PLGA and the absence of electrostatic interaction between siRNA and PLGA. One way
to improve encapsulation of nucleic acids is to add a cationic excipient to the PLGA
matrix such as PEL'* Another way to improve encapsulation of nucleic acids is to
utilize double emulsion-solvent evaporation method which enables relatively high
encapsulation efficiencies for water-soluble drugs. The loading efficiency and particle
size can be optimized with careful control over the formulation parameters such as

surfactant concentration and stirring speed.

Targeted siRNA Delivery

The key to a successful siRNA delivery is to protect siRNA in serum and
transport siRNA into the target tissue.'> '** Target specificity can reduce random non-
specific cellular uptake of siRNA and improve tissue and cell specific endocytosis. To
achieve these goals, ligand-mediated cell binding is adapted to the carriers. Many cells
including tumor cells have unique antigens or receptors on their surface. With proper
ligands that specifically recognize these surface molecules, therapeutic siRNAs can bind
to their receptors and enter the target cells. The use of cell type-specific ligands improves
the efficiency, specificity and safety of the delivery system."”' The specificity and
efficiency of ligand-mediated delivery systems minimizes nonspecific immune activation
or systemic toxicity.'”> Ligand conjugation, such as mannose, on the surface of non-viral
delivery vehicles can alter the transport and enhance the permeability of drugs.'”® Many
studies have shown that mannose, as a cell binding ligand, enhances gene delivery. Its
receptors are overexpressed on the surface of antigen presenting cells, such as dendritic

cells and macrophages, and liver endothelial cells.'**'*

Summary and Objectives

To summarize, the goal of this research is to develop an efficient non-viral vector
system for in vitro and in vivo siRNA delivery. Clinical trials have shown the prospects

of siRNA for a research and therapeutic tool because its strong ability to induce RNA.
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To achieve efficient siRNA transfer, both viral and non-viral vectors have been
successfully utilized for efficient siRNA transfer. Viral vectors promise delivery
efficiencies, but their safety is still in controversy. For this reason, non-viral vectors such
as cationic polymers and lipids have increasingly researched gene therapy due to the
lower potential immunogenicity. In this research, we designed a siRNA delivery system
using combinations of chitosan, PEI, PEG and mannose to capitalize on their respective
advantages. Cationic polymers such as chitosan and PEI condense anionic siRNA
through electrostatic interactions thereby protecting siRNA from enzymatic degradation
with no chemical conjugation and carry it to destination. PEG can provide another layer
of protection by steric shielding and prolonging serum half-life. The mannose ligand can
be utilized as a cell binding ligand to increase target cell specific endocytosis. Moreover,
the polymer modification was carried out using two different structures to investigate the
effect of mannose location in the polymer construct. The first structure has mannose and
PEG directly conjugated to the cationic polymer backbone. The other structure has
mannose indirectly linked to the cationic polymer via a PEG spacer. Therefore, the
performance of modified polymers and the effect of the structure of the construct on
siRNA delivery efficiency is evaluated. Initially, modified polymers is characterized and
assessed for in vitro delivery efficiency. Mannosylated pegylated chitosans are discussed
first in chapter 3 followed by mannosylated pegylated PEIs in Chapter 4. In Chapter 5,
PLGA microparticles are utilized to improve delivery efficiency of cationic

polymer/siRNA nanoplexes for in vivo delivery.
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Figure 1-1: Schematic of a RNA interference (RNAi) process. SIRNA can be
introduced into cells as pDNA, shRNA, dsRNA, or by itself. When it is
introduced as pDNA, shRNA, or dsRNA, it is transcribed and then processed
into siRNA. SiRNA joins the multi-protein cluster, RNA induced silencing
comples (RISC). RNA helicase in the RISC unwinds double-stranded siRNA
into single strands by recognizing the least stable 5’ end of siRNA. The single
stranded (guidance) siRNA binds to a mRNA which has complementary
sequence to the guidance siRNA. Then the target mRNA is cleaved by RISC
and rapidly degraded. RISC is recycled for subsequent rounds resulting in
decreased expression of the target gene. (Adapted from '®)
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Figure 1-2: Molecular structures of chitosan, polyethylenimine (PEI), poly(ethylene
glycol) (PEG), mannose, and poly(D,L-lactic-co-glycolic acid) (PLGA). A.
Chitosan, B. Branched Polyethylenimine (PEI), C. Poly(ethylene glycol)
(PEG), D. Mannose, E. Poly(D,L-lactic-co-glycolic acid) (PLGA), x is the
number of units of lactic acid, and y is the number of units of glycolic acid.
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CHAPTER 2: MATERIALS AND METHODS

The background of each experimental method and the principles behind them are
discussed in this chapter. Developing polymeric siRNA delivery systems with cationic
polymers was carried out in a joint project in collaboration with Dahai Jiang (College of

Pharmacy, University of lowa).

Polymer/siRNA Nanoplex Preparation

In order to test the gene delivery capacity of the polymer formulations, the
polymers were complexed with siRNAs. As introduced in the previous chapter, the
cationic backbone polymers, chitosan and PEI, are positively charged in solution. With
sufficient presence of cationic polymers, they form self-assembled complexes and
condense negatively charged siRNA when mixed.">* This condensation offers certain
levels of protection to siRNA against nuclease digestion.'>> The extent of condensation
between polymer and siRNA is decided by the polymer:siRNA charge ratio, also called
the N/P ratio."*® It represents the ratio of nitrogen in cationic polymer to phosphate in
nucleic acid. By means of affecting condensation, the N/P ratio also affects the size of
the polymer/siRNA complexes.'”’ To calculate the amount of siRNA and the polymer
needed for a predetermined N/P ratio, the mass per phosphate of 325 Da for siRNA, the
mass per charge of 167 Da for chitosan, and the mass per charge of 43 Da for PEI were
used. Before forming polymer/siRNA nanoplexes, stock solutions were prepared. All
the solutions and buffers used in this research were prepared with nuclease-free deionized
water to prevent degradation of siRNA. Chitosan and chitosan derivatives were
dissolved in 1% acetic acid solution at the required concentration for each experiment.
PEI and PEI derivatives were dissolved in nuclease-free deionized water. Lyophilized
siRNAs were resuspended, annealed, and stored in Nuclease-Free Duplex Buffer (30mM

Hepes, pH 7.5, 100mM Potassium Acetate, IDT, Coralville, IA).
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To make polymer/siRNA nanoplexes, the polymer solution was dropped into the
siRNA solution at a precalculated concentration. Then the mixture was immediately
vortexed for 20 seconds followed by 30 minutes of incubation at room temperature. The
polymer and siRNA assembled via electrostatic interaction into a condensed nanoplex
and stabilized during the incubation period. All the experiments were carried out after

the incubation period.

Size Distribution and Surface Morphology Observation by

Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) enables us to examine the actual size and
surface morphology of the complexes or particles. SEM utilizes high-energy electron
beams to scan a sample and produce images. Interactions between the electron beams
and the atoms on the surface of the sample produce signals, which gives high-resolution
and three-dimensional images of the sample surface. It gives us information of surface
topography, composition, and electrical conductivity. The samples must be electrically
conductive at the surface. This prevents accumulation of electrostatic charge.
Nonconductive specimens cause scanning faults and image artifacts. Therefore, the
sample is usually coated with an ultrathin layer of electrically conductive material. This
material was gold/palladium in our PLGA microparticles study. The samples were
coated using low vacuum sputter coating. Coating also improves the resolution. Another
method to improve conductivity of the sample is impregnation with osmium vapor. This
approach was used in the chitosan and PEI samples. Since the polymer/siRNA
complexes were nanoscale size range, they easily lose structural integrity because of the
surface tension. We therefore used Nebulizer to spray-mount the samples on the silicon
wafer to produce small droplets and prevent crushing of nanoplexes during the air-drying.
A low voltage was maintained during imaging to prevent indentation on the surface of the

nanoplexes or the microparticles from the electron beam. Imaging studies conducted in
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this research were carried out at the Central Microscopy Research Facilities at the

University of lowa.

SiRNA Retardation Analysis by Ethidium Bromide Gel

Electrophoresis

A polymer needs to be able to strongly complex and condense siRNA for a
effective siRNA delivery. To test the complexation capacity of the polymers, ethidium
bromide agarose gel electrophoresis assays were used. This is a molecular biological
technique that separates a mixed population of nucleic acids by size. Negatively charged
DNA or RNA moves through an agarose gel matrix towards the positive end of an
electric field. The smaller the molecules are, the farther they migrate through the pores
of the gel.'"”® Based on these fundamentals, we assume if the polymer complexes and
condenses siRNA with enough strength, the migration of the siRNA would be retarded.
Moreover, the degree of retardation would be directly proportional to the strength of
complexation. Therefore, if the migration of complexed siRNA was not as far as that of
naked siRNA, we concluded that this is the polymer holding the siRNA molecule and
interfering with its migration. To make nucleic acid visible in the gel, dyes such as
ethidium bromide (EtBr) are commonly used. Ethidium bromide intercalates into minor

grooves of double-stranded nucleic acids and fluoresces under UV light.

Intracellular Trafficking by Confocal Laser Scanning

Microscopy

To investigate the intracellular fate of the polymer/siRNA delivery system, we
chose to use confocal microscopy. Confocal microscopy is widely used for in vitro
fluorescence images of cells and tissues. The technique is based on selective collection
of light from focused planes in the sample. A beam of light is focused on a specific point
in the sample using a low-power near-infrared laser. Light reflected from this point is

collected through an aperture by a detector.'”*'®° It generates an integrated image of
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multiple planes at a focal point with higher resolution than fluorescence microscopy. To
visualize cells using confocal microscopy, fluorophores are generally used; for example,
green fluorescence protein (GFP), DAPI (4',6-diamidino-2-phenylindole) and Cy3 as
used in our studies. Imaging studies conducted in this research were carried out at the

Central Microscopy Research Facilities at the University of lowa.

In Vitro Gene Knockdown Analysis by Luciferase Protein

Expression

To quantify gene expression on protein level, a dual-luciferase method was
chosen. This method allows an efficient detection of firefly and Renilla luciferase gene
expressions. The method sequentially measures the luminescence from two proteins in a
single sample. A psiCHECK™.-2 vector (6.3kb) is specifically designed pDNA for
RNAI experiment that was used to facilitate this experiment. (Figure 2-1) It has two
different reporter genes, firefly (hluc+) luciferase and Renilla (hRluc) luciferase each
with separate promoters, and a synthetic poly(A) sequence in between to reduce the
potential for recombination events. This firefly reporter sequence has been specifically
designed as a normalization reporter of intraplasmid transfection, thus the Renilla
luciferase signal can be normalized to the internal control of firefly luciferase signal. We
selectively knockdown Renilla luciferase gene by RLuc-S1 siRNA transfection, which
encodes a complementary sequence for Renilla luciferase mRNA, and measured their
expression levels. By comparing the protein expression of Renilla luciferase and firefly
luciferase, we can calculate the relative expression and deduce the degree of gene

silencing.

Gene Knockdown Analysis by Real-Time Polymerase

Chain Reaction (PCR)

To analyze gene expression more accurately on mRNA level, real-time PCR

techniques were utilized. Unlike the standard PCR, the target DNA is amplified and the
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amplified DNA is simultaneously measured allowing real-time quantification during each
cycle in a real-time PCR setting. This results in a quantitative measurement of PCR
products accumulated during the course of the reaction. The technique is also called as
quantitative PCR (qPCR). The reactions are carried out in a thermocycler that permits
measurement of a fluorescent detector molecule, which decreases post-processing steps
and minimizes experimental error. This is most commonly achieved through the use of
fluorescence probe sequences. These approaches require less RNA, detect a wider range

1! This technique

of expression, and are more target specific than conventional PCR.
enables detection and quantification of more than one specific sequences in a sample, and
the quantification may appear as an absolute number of copies or a relative amount when
normalized to DNA input or additional normalizing genes. Frequently, qPCR is
combined with reverse transcription to quantify the amount of mRNA.

We used a fluorescent detector molecule called Tagman probe, which consisted of
a fluorophore covalently attached to the 5’-end of the oligonucleotide probe and a
quencher at the 3’-end. The quencher molecule prevents the fluorescence from emitting
when excited by the cycler’s light source via fluorescence resonance energy transfer
(FRET). As long as the fluorophore and the quencher are in close proximity, the
quencher inhibits any fluorescence signals. During the PCR reaction, the Tagman probe
anneals within a target DNA sequence that will be amplified by a specific set of primers.
The primer attaches to the sequence, and enzyme called Taq polymerase extends the
primer and makes the strand grow. As this strand grows, Taq polymerase degrades the
probe, which releases the fluorophore away from the quencher allowing fluorescence of
the fluorophore. Hence, fluorescence detected in the qPCR machine (thermal cycler) is
directly proportional to the amount of fluorophore released and the amount of DNA
template present in the reaction. (Figure 2-2) All the qPCR experiments were carried out

at IDT research lab.
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Cytotoxicity Evaluation using MTS Assay

To examine possible toxicity from our polymers, cell viability tests were carried
out. We chose to use MTS (5-{3-(carboxymethoxy)phenyl}-3-(4,5-dimethyl-2-
thiazolyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt) cell viability analysis. Itis a
colorimetric method of determining cytotoxicity or the number of viable cells in
proliferation. As a part of metabolic activity, live cells reduce colorless or weakly
colored MTS into colored derivatives known as soluble formazans. This byproduct

dissolves in growth media allowing the measurement by UV spectrophotometer.'®

Flow Cytometry and FACS Analysis

Flow cytometry analysis was used for two different purposes in our study. First,
to sort enhanced green fluorescence protein (EGFP) stably expressing HEK293 cells
from regular HEK293 cells; and second, to identify the population of the PLGA paticles
loaded with fluorescence Cy3 siRNA. It is a technique for counting and examining
microscopic particles in a stream of fluid and passing them by an electronic detection
apparatus. It allows simultaneous multiparametric analysis of the physical and chemical
characteristics of thousands of particles per second. The principle is that laser light is
focused on a narrow stream of the cell suspension that passes cells through the detector
one at a time. The detectors that measure the scattered light convert it into electrical
pulses. An analog to digital converter allows the events to be plotted on a graphical
scale, for viewing information about the chemical and physical structure of the cell.
Based on the forward and side scatter of the light from the cells, the cell volume and
shape are determined. Fluorescence Activated Cell Sorting (FACS) is a specialized type
of flow cytometry that allows cells to be labeled with fluorochromes, and then from a
mixed population, be separated into subpopulations based on the fluorescence and light

scattering characteristics of the cell.
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Animal Care and Handling

Before beginning any animal experiments, animal training and education were
carried out through the University of lowa’s Office of Animal Resources.'® The
instruction included proper handling and restraint of mice, which minimizes stress on the
animal and prevent aggression or defensive responses to handling. Animal experiments
were conducted in accordance with the principles and procedures described in the
University of lowa’s Guidelines for Care and Use of Experimental Animals. For all
cases involving anesthesia, a ketamine/xylazine mixture was injected intraperitoneally
(i.p.) to deliver 87.5 mg/kg ketamine and 2.5 mg/kg xylazine in a 100 ul volume. This
provided the animal with full anesthesia of approximately 20-30 minutes within a few
minutes, then the animals returned to full consciousness and mobility within 2 hours.'®*
To harvest organs, the mice were euthanized using CO; and death confirmed by cervical
dislocation. Throughout the course of all experiments, the mice were monitored daily.
Great care was taken to optimize formulations prior to the injection to minimize the

number of animals necessary for each experiment while retaining significance.

In vivo Gene Knockdown Analysis in Mouse Model

In order to test the in vivo delivery efficiency of our microparticles, we used a
C57/Black6 mouse model. There are several injection routes that were used in previous
studies and clinical models. Subcutaneous (s.c.) injection directs the particles between
the epidermis and dermal layers; intraperitoneal (i.p.) injections delivers particles directly
into the peritoneum, and intravenous injections (i.v.) deliver directly into the
bloodstream.'®* ' Given the possible toxicity from PEI and the relatively large size of
the PLGA particles, we decided the intraperitoneal route of administration was the best
method for the delivery of our particles.'®® At the same concentration of PEL
intraperitoneal administration showed the least toxicity when compare to other injection

routes.'®” If the carrier size is under 1um, an intravenous injection is possible because the
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diameter of the smallest blood capillaries is 4um. This carrier size is also desirable for
intramuscular and subcutaneous route of administration because of the minimized irritant
reactions. Nanoparticles in sizes ranging from 10 to 1000nm are acceptable for
intravenous injection.'®® Because our particles displayed 2-4um in the size range,

intraperitoneal route was most appropriate to avoid possible adverse effects.
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Figure 2-1: Map of psiCHECK™-2 vector encoding two releorter genes, firefly and
Renilla luciferase, for quantitative RNAI studies ?
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Figure 2-2: Principle of real-time polymerase chain reaction (PCR) process using
Taqman probe (Adapted from ')
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CHAPTER 3 : SIRNA DELIVERY SYSTEM COMPOSED OF
CHITOSAN, POLY(ETHYLENE GLYCOL) AND MANNOSE

Introduction

To develop a non-viral delivery system for siRNA, we first selected chitosan due
to its cationic characteristics and track record of low toxicity. As introduced in the
chapter 1, chitosan (CS) is solubilized at acidic pH enabling electrostatic interactions
with siRNA to form a complex. The complex formed at low pH is physically stable at
body pH without chemical crosslinking because chitosan becomes insoluble at
physiological pH.®” This unique property of chitosan plays an important role in
protecting siRNA. Furthermore, chitosan has nonimmunogenic and low toxic properties
against degradation from components present in serum.*®"°

Chitosan can be modified to enhance the delivery efficiency of siRNA.'"" Tt is
commonly conjugated with PEG and a cell binding ligand to improve serum stability and
achieve higher delivery efficiency, respectively.'’>'”> PEG provides steric hindrance on
the surface of the nanoplexes and reduces adsorption of serum proteins. As a result, the
PEG layer increases the serum half-life of the nanoplexes and reduces toxicity.''> '
Specific ligands on the nanoplexes enables ligand-receptor specific interactions

174,124 . . .
7124 This process improves gene delivery

promoting in a receptor-mediated endocytosis.
efficiency by increasing the chance of endocytosis. Mannose ligands bind to mannose
receptors that are overexpressed on the surface of the cells such as dendritic cells,

macrophages, and liver endothelial cells, etc.'”®

Mannose-conjugated chitosan has shown
improved siRNA delivery efficiency by increasing cell binding to macrophages.'™

With the purpose of developing an efficient polymeric delivery system for siRNA,
we designed and synthesized a set of modified polymers that incorporates chitosan, PEG,

and mannose. Furthermore, to study the influence of the structure in the polymer

formulation, the mannosylated pegylated chitosan delivery systems were designed in two
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different constructs. In our first design, mannose and PEG chains were directly
conjugated to the chitosan backbone. In the second design, mannose was conjugated to
chitosan via a PEG chain. (Table 3-1) Both constructs were then characterized for their
capacity to complex with siRNA, surface morphology and size, gene knockdown

efficiency and toxicity to evaluate their potential as delivery vehicles.

Materials and Methods

Materials

Low molecular weight chitosan and a-D-mannopyranosylphenyl isothiocyanate
(MPITC) were purchased from Sigma-Aldrich (St. Louis, MO). PEG 2 kDa with one
amine terminus was from Creative PEGWorks (Winston Salem, NC). DMSO, glacial
acetic acid and EDTA from Fisher Scientific (Pittsburgh, PA) were used. Maleic
anhydride, toluene, glutaraldehyde 50%, methanol and sulfuric acid were purchased from
Sigma-Aldrich (St. Louis, MO). Bio-Gel P-2 Gel was from Bio-Rad (Hercules, CA). All
the siRNAs (DS scrambled negative control, RLuc-S1 DS positive control, Cy-3) and
pDNA (psiCHECK ™.-2, Promega, Madison, WI) were kindly provided by Integrated
DNA Technologies (IDT, Coralville, 1A).

Pegylation and mannosylation of chitosan

First of all, low molecular weight chitosan (50~190kDa) was hydrolyzed before
any modification with sodium nitrite (NaN3) to make 30kDa chitosan with a degree of
deacetylation of 85%.

For mannosylation, chitosan was dissolved in NaHCOj3 buffer (8.516 mg/ml, pH
8.4) at 0.075 mg/ul. An amount of 80 ul MPITC in DMSO at 0.125 mg/ul was added
into a solution containing 150 mg chitosan. The reaction mixture was stopped after

overnight stirring by dialysis (MWCO 10,000, Pierce Biotechnology Inc., Rockford, IL)
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for 3 days. Mannose-CS was recovered after lyophilization (Labconco FreeZone4.5,
Kansas City, MO).

To conjugate PEG to chitosan, 500mg PEG was dissolved in 10ml toluene and
heated up to 100°C. Maleic anhydride solution (33.1mg in 40ml toluene) was added into
PEG in small increments. After the introduction of the maleic anhydride, the temperature
was increased to 110°C and then the mixture was refluxed for 12 hours. Excess toluene
was removed using rotary evaporation and the recovered product was dissolved in 2.5ml
deionized water then purified with a P-2 column. The elusion was lyophilized and
redissolved in 10ml methanol. Then, 1ml maleic anhydride-PEG was slowly added into
50% w/v glutaraldehyde solution containing 50ul glutaraldehyde and 300ul methanol.
The reaction was stopped by 2 hours and the mixture was loaded into a P-2 column. The
elusion was immediately added to a 2ml chitosan solution (150mg chitosan) for overnight
reaction. CS-PEG was recovered after dialysis and lyophilized.

For Mannose-CS-PEG synthesis, 80ul of MPITC solution (dissolved at a
concentration of 0.125mg/ul in DMSO) was added to pegylated chitosan for overnight
mannosylation. The product was recovered after dialysis and lyophilized.

CS-PEG-Mannose was also constructed by adding 80ul MPITC solution to 2ml
PEG solution (by NaHCOs, 8.516mg/ml, pH 8.4) with 50mg PEG for overnight reaction,
followed by the addition of 50ul of 50% w/v glutaraldehyde solution and 300ul
methanol. The reaction was stopped in 2 hours and mannosylated PEG was recovered by
dialysis. The collection was added to chitosan solution for overnight reaction. CS-PEG-

mannose was recovered after dialysis and lyophilized.

Confirmation of pegvlation and mannosylation

The presence of chitosan, PEG, and mannose in the modified polymers was

verified using proton nuclear magnetic resonance (‘'H NMR). The polymers were
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dissolved in 1% w/v DCI/D,0O (Cambridge Isotope Lab, Andover, MA) at the

concentration of 40mg/ml for characterization.

Quantification of mannose content

Resorcinol (Riedel-de Haen, Seelze, Germany) was dissolved in deionized water
at the concentration of 6mg/ml. D-(+)-mannose pre-dried overnight at 100°C was used
as standard. Mannose was dissolved in 1% w/v HAc at a concentration ranging from
9.0854 to 908.54pg/ml for standard curve. CS-PEG-mannose and mannose-CS-PEG
samples were dissolved using 1% w/v HAc at appropriate concentrations. Each test
mixture, consisted of 20ul mannose/sample solution, 20ul resorcinol, 50ul pristane
(Acros, Fair Lawn, NJ), and 100ul 75% w/v sulfuric acid in a 96-well plate, was
subjected to vortex for 30 seconds, heating at 93°C for 30 minutes and cooling down to
room temperature for 30 minutes. The absorbance was recorded at 480nm absorbance
(SpectraMax Plus384, Molecular Device). Content of mannose was calculated on

standard curves.

Cell culture

Raw264.7 cells (ATCC, Manassas, VA) are murine macrophage cells that are
known to overexpress mannose receptors and are typically hard to transfect. They were
selected for in vitro experiments because macrophages were a potential target for this
delivery system. The cells were cultured in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone), and
penicillin-streptomycin (100units penicillin; 100ug streptomycin/ml, Gibco). The cells

were maintained at 37°C in a humidified, 5% carbon dioxide atmosphere.

Amplification and purification of pDNA

The psiCHECK ™-2 (Promega, Madison, WI) is a 6.3 kb pDNA designed to

monitor a quantitative measurement of RNAi. It has genes encoding for firefly (hluc+)
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luciferase and Renilla (hRluc) luciferase with each luciferase genes driven by a separate
promoters. The firefly reporter gene has been constructed to serve as an intraplasmid
standard so that the Renilla luciferase signal can be normalized to the firefly luciferase
signal. The pDNA was transformed in E.coli DH5a (invitrogen) and amplified in LB
Broth media at 37 °C overnight on a plate shaker set at 250 rpm. The pDNA was
extracted with Wizard® Plus Maxipreps DNA Purification System (Promega) followed
by removal of bacterial endotoxin contamination with Endotoxin Removal Kit
(MiraCLEAN®) according to the manufacturers’ protocols. Purified pDNA was
dissolved in Tris—EDTA buffer, and its purity and concentration were determined by UV

absorbance at 260 and 280 nm.

Preparation of chitosan/siRNA nanoplexes

Polymer/siRNA nanoplexes were formed at desired N/P (nitrogen in cationic
polymer per phosphate in nucleic acid) ratios with predetermined amounts of siRNA and
polymer solutions. A mass per phosphate of 325 Da for RNA and mass per charge of 167
Da for chitosan were used to calculate the N/P ratio. A 0.01M modified chitosan solution
in 1% acetic acid was dropped into a siRNA solution, then the mixture was vortexed for

20 seconds followed by 30 minutes of incubation at room temperature.

Size distribution and surface morphology analysis

SiRNA/polymer nanoplexes were formed as described above. Then the nanoplex
solutions were sprayed using an All-Glass Nebulizer (PELCO, Redding, CA) onto silicon
wafers. The silicon wafers were stained with 4% osmium tetroxide vapor under the hood
overnight and mounted on aluminium stubs using liquid colloid silver adhesives followed
by overnight drying at room temperature. The stubs were coated with approximately 5
nm of gold by ion beam evaporation before examination in the SEM that was operated at
1.5 kV accelerating voltage. The specimens were observed using scanning electron

microscopy (SEM, Hitachi S-4800). Nanoplex size measurements were conducted using
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the Zetasizer Nano ZS (Malvern, Southborough, MA). The size measurements were
performed at 25°C at a 173° scattering angle. The mean hydrodynamic diameter was

determined by cumulative analysis.

SiRNA retardation ability

SiRNA/polymer nanoplexes were loaded in a 2% agarose gel with 0.5ug/ml EtBr
and run at 60V in TAE buffer for 45 minutes. The gels were visualized with a UV

transilluminator (Spectroline, Westbury, NY).

Intracellular trafficking

RAW264.7 cells were plated on 0.01% (w/v) poly L-lysine coated 8-well
chamber slides (Lab-Tak) at 1.2 x 10* cells/well concentration and incubated overnight.
For lysosomal staining the cells were incubated with 75nM Lysotracker® Green DND-26
(Molecular Probes®) containing opti-MEM media (Gibco) for 30 minutes then
transfected with polymer/Cy3-labeled siRNA nanoplexes in fresh opti-MEM. At pre-
determined time points, the cells were washed with PBS and fixed with 4%
paraformaldehyde and mounted using DAPI-containing Vectashield mounting medium
for nuclear staining (VECTOR Laboratories, UK). Then the slides were covered with
coverslip followed by 4 °C storage in dark before visualized under multiphoton/confocal
microscope (Bio-Rad Radience 2100MP and Zeiss LSM 710). The image was then

analyzed using ImageJ software.

In vitro gene knockdown efficiency on protein expression

RAW264.7 cells were seeded on a T25 flask (6.8 x 10° cells) on day 0 and
incubated overnight. PsiCHECK™-2 was transfected using Lipofectamine 2000
(invitrogen, Carlsbad, CA) in opti-MEM media on day 1 for 4 hours, then trypsinized to
be replated onto 24-well plates (3 x 10° cells/well). Then RLuc-S1 DS positive control

siRNA, which encodes a complementary sequence for Renilla luciferase gene in
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psiCHECK ™2 vector, was transfected using each different polymer in opti-MEM media
on day 2. The cells were incubated for 4 hours with transfection media followed by
overnight incubation in fresh complete media. On day 3, luciferase gene expression was
analyzed using the Dual Luciferase Reporter System (Promega, Madison, WI) according
to the product manual and using a Lumat LB 9507 (Berthold Technologies, Bad Wildbad,
Germany). SiRNA/polymer nanoplexes were prepared as described above at
precalculated N/P ratios. DS scrambled neg. siRNA, non-targeting sequences in the
human, mouse, or rat transcriptome, served as a negative control. The Renilla luciferase
gene expression was normalized to the firefly luciferase gene expression as internal
control. Then the normalized Renilla luciferase gene expression was represented as
relative gene expression setting the DS neg. scrambled siRNA transfected group as 1.
The data was reported as mean + standard deviation for triplicate samples using
Microsoft Excel and Prism® software (GraphPad Software, Inc). Experiments were

repeated at least twice.

Cytotoxicity evaluation

Cytotoxicity was determined using the MTS assay (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega, Madison, WI) using the protocol provided by
the manufacturer. In brief, the Raw264.7 cells were seeded in 96-well plates (5 x 10°
cells/well) and incubated overnight. The polymer containing DMEM media were
prepared at different concentrations and added to cells for incubation. 20ul MTS solution
per 100ul media was added to each well for a further 1 to 3 hours incubation at 37°C in a
humidified, 5% CO2 atmosphere. The plate was then measured at 490nm absorbance
(SpectraMax Plus384, Molecular Device), and the relative cell viability was calculated on

standard curves. Experiments were repeated at least three times.
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Statistical analysis

Group data are reported as mean + standard deviation. Statistical analysis was
carried out using one-way ANOVA followed by Tukey’s multiple comparison test.
Levels of significance were accepted at the p<0.05. Prism software (GraphPad Software,

San Diego, CA) was used to perform statistical analyses.

Results

Pegvlation and mannosylation of chitosan are verified

Unmodified chitosan showed multiple peaks from 1.9ppm to 3.5ppm including &
1.9 (acetyl) and 6 2.9 (C2 free). (Figure 3-1A) Chitosan-PEG showed peaks of
glutaraldehyde (GA) linked to PEG at 1.8ppm in addition to peak at 6 3.5 (PEG-CH).
(Figure 3-1B) CS-PEG-mannose and mannose-CS-PEG showed peaks at 6 7.0 (MPITC
phenyl-H), 6 3.5 (PEG-CH), 6 1.8 (GA-PEG), and 6 1.9 (acetyl in chitosan) indicating
successful conjugation of PEG and mannose to chitosan backbone. (Figure 3-1C and D)
A relatively weak signal was found at 7ppm supporting the conjugation of mannose (data
not shown).

The conjugation/substitution ratio was calculated based on the ratio of peak areas
between 3.5ppm PEG and 1.9-3.5ppm Chitosan. (Table 3-2) The molar ratio of chitosan
to PEG was 0.441 in pegylated chitosan. Mannose-CS-PEG had a chitosan/PEG ratio of
0.383 and CS-PEG-mannose had 0.378. All the modified polymers had similar
conjugation/substitution ratio between 0.378-0.441. There was no significant difference

between the "H NMR spectra of mannose-CS-PEG and CS-PEG-mannose.

Mannose quantity is determined

The resorcinol assay is a commonly used method to determine the content of
. . . 125 .
monosaccharides in polymeric structures. ©> The mannose content in our products was

determined using this technique. (Table 3-2) The mannose content of mannosylated
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chitosan is 0.169umol/mg. CS-PEG-mannose had 0.054pmol/mg and mannose-CS-PEG

had 0.137umol/mg of mannose, respectively.

Nanoplexes are spherical and coarse in appearance

SEM images were used to observe surface morphology and shape of the
polymer/siRNA nanoplexes. Both unmodified and modified polymers/siRNA
nanoplexes were spherically shaped with smooth surfaces. (Figure 3-2) Nanoplex sizes
ranged from 80 to 300 nm diameter as determined by Zetasizer Nano ZS measurements,
which suggested that some of the larger nanoplexes observed by SEM, represented

clusters of nanoplexes formed during the drying process of SEM sample preparation.

Modified chitosan polymers complex and retard siRNA

migration

To be capable of delivering siRNA, the mannosylated and pegylated chitosan
products must be able to complex and condense siRNA. Cationic polymers form
nanoplexes with anionic siRNAs and compact them by electrostatic interactions. This
complexation capacity was analyzed using an EtBr gel electrophoresis assay. Increasing
the polymer concentration decreased the migration of siRNA on the agarose gel.
Unmodified chitosan, chitosan-mannose and chitosan-PEG were able to complex with
siRNA efficiently from the N/P ratios of 50 to 300 so that they hindered siRNA migration
in the gel retardation assays. (Figure 3-3A-C) Mannose-CS-PEG did not complex with
siRNA as efficiently as others showing migration of siRNA at the highest N/P ratio of
300. (Figure 3-3D) However, CS-PEG-mannose did show effective exclusion of EtBr
from N/P ratios 50 to 300 indicating a broad and strong complexation capacity with

siRNA. (Figure 3-3E)
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Modified chitosan/siRNA nanoplexes are endocytosed by

RAW264.7 cells

To trace the endocytosis and intracellular localization of mannosylated pegylated
chitosan/siRNA nanoplexes, siRNA and lysosomes were labeled with red and green
fluorophores, respectively. At 2 hours post-transfection, most of the polymers/Cy3-
siRNA nanoplexes (shown in red) were successfully internalized in the RAW264.7 cells.
Chitosan/siRNA nanoplexes were taken up by cells and localized near lysosomes as
observed by yellow coloration occured with the overlap of the green lysosomal signal and
red siRNA signal. (Figure 3-4A) Mannosylated CS and pegylated CS were able to
deliver its complexed siRNA into cells with lower efficiency when compared to chitosan.
(Figure 3-4B-C) Mannose-CS-PEG/siRNA nanoplexes were also found adjacent to the
lysosomes. (Figure 3-4D) CS-PEG-mannose/siRNA nanoplexes showed efficient

endocytosis found in most of the cells. (Figure 3-4E)

Modifications of chitosan do not reduce gene knockdown

efficiency

Dual Luciferase Assay

To evaluate the siRNA delivery efficacy of mannosylated pegylated chitosan, in
vitro gene expression analysis was performed using the dual-luciferase reporter system.
Relative gene expression levels were analyzed after transfecting siRNA only targeting
Renilla luciferase mRNA and leaving firefly gene expression as an internal control.
(Figure 3-5) CS/siRNA nanoplexes suppressed Renilla gene expression to 80.3% at N/P
ratio of 100 and 87.0% at N/P ratio of 200. CS-mannose/siRNA nanoplexes showed no
inhibition of gene expression at N/P ratio of 100. However, CS-mannose/siRNA
nanoplexes knocked down gene expression to 69.5% when N/P ratio was increased to
200. CS-PEG showed gene knockdown efficiency resulting in 93.2% and 85.0%

remaining gene expression at N/P ratio 100 and 200, respectively. Gene expression of
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cells transfected by mannose-CS-PEG/siRNA nanoplexes prepared at N/P ratio of 100
and 200 showed 73.1% and 87.3% gene expression, respectively. While cells treated
with CS-PEG-mannose/siRNA nanoplexes exhibited gene knockdown efficiency of
62.6% when nanoplexes were prepared at N/P ratio of 100, this effect reduced when

nanoplexes were prepared at N/P ratio of 200.

Modifications of chitosan reduce cytotoxicity

Raw?264.7 cells were treated with various groups of nanoplexes to evaluate
toxicity. At a concentration of 0.0078mg/ml, treating cells with chitosan showed the
highest toxicity resulting in 49% cell viability. (Figure 3-6) Both CS-mannose and CS-
PEG resulted in significantly higher cell viability of 72% and 77% when compared to
unmodified chitosan at identical concentration. Cells treated with mannose-CS-PEG
showed reduced toxicity of 70% viability relative to chitosan-treated cells. Cells treated
with CS-PEG-mannose had 55% viability, which was better than the 49% cell viability
displayed by the cells treated with chitosan alone. Cell viabilities were slightly decreased
as cells treated with increasing concentrations of polymers. But all the polymers broadly

displayed low toxicity at the highest concentration of 1mg/ml.

Discussion
A mannosylated pegylated chitosan carrier system was constructed and tested for
potential delivery of siRNA. Mannose has been previously demonstrated to significantly
increase binding of particles to cells that express the mannose receptor,'2* 12 128 133. 135.
173.176" Conjugation of PEG has been proven to extend the serum half-life of
nanoparticles.""> """ 1”® To our knowledge, this is the first study to evaluate mannosylated
pegylated chitosan for siRNA delivery, and to characterize the effect of the location of

the mannose ligand in mannosylated pegylated chitosan constructs on gene delivery

efficiency.
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PEG and mannose were either both directly conjugated onto the chitosan
backbone or mannose conjugated to the chitosan via a PEG spacer. 'H NMR spectra
confirmed that both constructs had chitosan, PEG, and mannose present. The peaks of
the three components corresponded to the previously reported values.'” '* Chitosan-
mannose spectra looked very similar to the spectra of chitosan because both mannose and
glucose are pyranose showing very few differences on spectra. The surface chain density
of PEG is a critical factor in improving stealth shielding of polyplexes. The chitosan to
PEG ratio of CS-PEG was 0.441, which suggested that every 30 kDa chitosan chain had
8.96 chains of 2 kDa PEG. CS-PEG-mannose had a 0.378 CS/PEG ratio indicating 10.5
PEG chains per chitosan. Mannose-CS-PEG displayed 0.383 CS/PEG ratio suggesting
that there were 10.3 PEG chains for each chitosan. PEG chains have a larger range of

181
81 For

motion at low surface coverage, that may cause gaps in the PEG protective layer.
PEG chains to fully cover the surface of CS/siRNA polyplexes, six short PEGs (5 kDa) or
one long PEG (20 kDa) was needed.*'”” Therefore, 8.96-10.5 chains of 2 kDa PEG was
expected to provide a satisfactory level of pegylation for steric stabilization.

The mannose signal at 7 ppm in 'H NMR spectra was relatively weak due to the
low proportion of mannose in the overall construct composition. Therefore, the
resorcinol assay was employed to quantify the amount of conjugated mannose in each
construct. Mannose-CS-PEG and CS-PEG-mannose contained 0.14pumol/mg and
0.05umol/mg of mannose indicating an average modification of 4.57 and 1.8 molecules
of mannose existence per chitosan, respectively. The conjugation ratio of 1.8-4.57
mannose molecules per chitosan is expected to be sufficient to provide selective binding
to mannose receptor-expressing cells. The ratio among the polymeric backbone, PEG,
and mannose could be controlled by the use of various functionalized PEG and their feed
ratio in the reaction.'”

Modified chitosan formed nanoplexes with siRNAs, and the nanoplexes ranged

between 80 and 300 nm in size as determined by size measurements made on the
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Zetasizer nano ZS. This particle size range is suitable for efficient endocytosis by

172,182
cells.’> 18

Larger particles out of this range observed by SEM are likely to be clusters
or aggregates of these smaller particles. Although Pegylation of CS marginally increase
the average size of the particles, this increase was within the range of size that can still be
efficiently endocytosed. The increase in size of nanoplexes of pegylated chitosan is
likely to be due to the PEG chains interfering with the strength of the interaction between
the chitosan and the siRNA.**''* The nanoplexes had a spherical shape with dense
surface morphology.'®

Analysis with gel retardation showed that CS bound to and compacted siRNA in
N/P ratio-dependent manner. The migration of siRNA when complexed with chitosan
was similar to naked siRNA at low N/P ratios. However, the siRNA retardation ability of
chitosan was increased in proportion to the presence of polymer.'*'*> Complete binding
of siRNA was achieved with all the various constructs at N/P ratios of 50 and higher.
Condensation of siRNA with mannose-CS-PEG was reduced showing only partial
retardation at high N/P ratio, while CS-PEG-mannose compacted siRNA with similar
strength to unmodified chitosan. This could be explained by the structural difference
between the two constructs because they both had similar degrees of conjugation of PEG
as described above. The CS-PEG-mannose construct had PEG chain terminals
conjugated with mannose moieties whereas PEG was exposed in mannose-CS-PEG. In
the structure of mannose-CS-PEG/siRNA nanoplexes, it is unlikely that all mannose
moieties were orientated towards the surface of the nanoplexes. It is possible that some
of these moieties were placed in the interior of the nanoplexes and thereby hinder
condensation. Charge aspects play a role but have less importance.'™

RAW264.7 cells, a murine macrophage cell line, were chosen for evaluation of in
vitro properties because they are known to overexpress mannose receptors. Macrophages
8

are a potential target for our pegylated and mannosylated chitosan delivery system.'?

The lysosomes were stained with Lysotracker Green'", and Cy-3 labeled siRNA was
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used in the trafficking study. Two hours after transfection, lysosomes and red
fluorescent-labeled (Cy3) siRNA were in close proximity. Co-localization of the green
signals with red signals, shown in yellow, indicated that nanoplexes were internalized by
endocytosis, which is consistent with previous reports on uptake by CS/nucleic acid
polyplexes.'” Large amounts of siRNA signal was found in lysosomal signal. This
indicates that siRNA nanoplexes were uptaken by the cells but not released from the
vesicles and still remained in the lysosomes. This could provide a reason for why
modified chitosans were not as effectively improving gene knockdown. In order to
achieve successful gene silencing, siRNA must interact with RISC to induce RNAi. If
siRNA could not escape from lysosomal compartments, there would be less siRNA
present in the cytosol to interact with RISC and hence, less RNAi induction. Perinuclear
localization of siRNA enhances the potential to interact with RISC.**'

Mannosylation and pegylation of chitosan did not reduce gene knockdown
efficiency relative to chitosan alone. However, the modifications did reduced toxicity.
This reduction in toxicity was slightly offset by the mannosylation but not significantly
so. In addition to observing the reduction in cellular toxicity, we anticipate that
pegylation of the nanoplexes would also reduce toxicity at the systemic level by reducing
aggregation of the nanoplexes.

One aspect of mannosylated pegylated chitosan delivery systems that has not been
explored before is the importance of the location in which mannose is bound to the
construct. In our studies, CS-PEG-mannose resulted in higher toxicity than mannose-CS-
PEG. Furthermore, qualitatively we observed that CS-PEG-mannose/siRNA nanoplexes
guided more stable uptake by RAW264.7 cells than mannose-CS-PEG/siRNA
nanoplexes. This observation was not clearly understood but could be explained by the
structural difference between the two constructs complexation of siRNA as observed in
gel retardation assay. The CS-PEG-mannose construct has mannose moieties exposed at

the tip of PEG chain whereas the mannose ligand in mannose-CS-PEG could be hindered
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by the PEG chains. The mannose ligand-receptor interaction could be obstructed by the
shielding effect of PEG chains. The use of a PEG chain can impair cell binding ability of
CS and the ligand by shielding.'®® In our cell trafficking studies, we did observe that
PEGylated chitosan had delayed cell uptake relative to chitosan alone, and this
observation would support our hypothesis.

The advantages of pegylating polyplexes and incorporating cell-binding ligands
for in vivo applications have been well established.' 1> 122 178 180. 189190 ‘B mannose
and PEG have contributed to in vivo delivery by selected cell binding, reduced systemic

icl ; . 108,135, 191
toxicity, and enhanced circulation,'*® >

In particular, mannose ligands have shown
significant potential for binding antigen presenting cells (APCs) such as mouse
macrophages and dendritic cells."> ' Finally, the determination of the optimal location
of cell binding ligands in the delivery construct is expected to have important
implications in the design of several gene delivery systems currently in development that

utilize alternative cell binding ligands, and alternative cationic backbones such as PEL'®

128, 133, 135, 176, 186, 192
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Table 3-1: Molecular structures of two different constructs using chitosan, PEG,
and mannose, and schematics of nanoplexes once complexed with siRNA.

Structure Nanoplexes
" Mannose
N, OH H _—
Construct #1 "m, -
Man-CS-PEG ¥ % §
PEG-Chitosan-Mannose §
e
Construct #2 o%\u -
0\
CS-PEG-Maﬂ PEG

N_siRNAA

Chtosan

Note: Chemical structures of modified chitosan constructs are shown in the left column
and schematics of products after complexed with siRNA are shown in the right column.
Mannose and PEG are directly conjugated to the chitosan backbone in construct #1,
whilst mannose is conjugated to the chitosan via a PEG spacer in construct #2.
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Table 3-2: Chitosan/PEG molar ratio and mannose content of the various modified

chitosan (CS) polymers
Polymer/PEG Mannose content
Formulation
molar ratio (umol/mg)
CS-Mannose N/A 0.16865
CS-PEG 0.441 N/A

Mannose-CS-PEG 0.383 0.13715
CS-PEG-Mannose 0.378 0.05399

Note: The chitosan to PEG molar ratio was calculated based on the area of "H NMR
peaks. Resorcinol measurements were used to determine the content of mannose (pumol
mannose per 1mg polymer) in each construct.
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Figure 3-1: 'H NMR spectra of the modified chitosan polymers confirming the
presence of chitosan, PEG, and mannose in each construct. Each
components of the constructs are indicated with boxes. A, Chitosan showed
multiple peaks including 1.9ppm (acetyl) and 2.9ppm (C2 free). B. Chitosan-
PEG showed peaks of PEG at 3.5ppm and of GA at 1.8ppm. C. Mannose-
Chitosan-PEG showed peaks of PEG at 3.5ppm (GA at 1.8), chitosan from
1.9ppm to 3.7ppm and mannose at 7ppm. D. Chitosan-PEG-mannose also
showed each component at the same peaks.
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Figure 3-2: Scanning Electron Microscopy (SEM) images demonstrating the effect
of pegylation and mannosylation on the size distribution and surface
morphology of the modified chitosan/siRNA nanoplexes. A, CS/siRNA
nanoplexes, B, CS-Mannose/siRNA nanoplexes, C. CS-PEG/siRNA
nanoplexes, D, Mannose-CS-PEG/siRNA nanoplexes, E, CS-PEG-
mannose/siRNA nanoplexes. All the nanoplexes were formed with 1uM
siRNA at N/P ratio of 100. The experiments were repeated three times. The
best representative images are shown.
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Figure 3-3: The effect of pegylation and mannosylation on siRNA retardation ability
of the modified chitosan polymers using ethidium bromide agarose gel
electrophoresis. A, CS/siRNA nanoplexes, B, CS-Mannose/siRNA
nanoplexes, C, CS-PEG/siRNA nanoplexes, D, Mannose-CS-PEG/siRNA
nanoplexes, E, CS-PEG-mannose/siRNA nanoplexes. All the nanoplexes
were prepared with 1uM siRNA from N/P ratio 15 to 300. The experiments
were repeated at least twice. The best representative images are shown.
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Figure 3-4: Confocal microscope images demonstrating the effect of pegylation and
mannosylation on cellular uptake and intracellular localization of the
modified chitosan/siRNA nanoplexes in RAW264.7 cells. The cells were
stained with Lysotracker Green (green), incubated with nanoplexes formed
using Cy-3 labeled siRNA (red), and then mounted with DAPI containing
mounting solution after fixation. Co-localization of nanoplexes and
lysosomes are shown as a yellow signal. A, CS/siRNA nanoplexes, B, CS-
Mannose/siRNA nanoplexes, C, CS-PEG/siRNA nanoplexes, D, Mannose-
CS-PEG/siRNA nanoplexes, E, CS-PEG-mannose/siRNA nanoplexes. The
experiments were repeated at least twice. The best representative images are
shown.
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Figure 3-5: The effect of pegylation and mannosylation on luciferase gene
knockdown efficiency of the modified chitosan/siRNA nanoplexes in
RAW264.7 cells. Relative gene expression of Renilla luciferase is
normalized to that of firefly luciferase, which served as an internal control.
From the left, siLentFect/sihRluc, CS/sihRluc, CS-mannose/sihRluc, PEI-
PEG/sihRluc, mannose-PEI-PEG/sihRluc, and PEI-PEG-mannose/sihRluc
with N/P ratios at 100 and 200. The experiments were repeated at least twice.
Data is represented as mean + standard deviation (n=3).
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Figure 3-6: The effect of pegylation and mannosylation on cytotoxicity of the
modified chitosan/siRNA nanoplexes in RAW264.7 cells. Cytotoxicity of
various nanoplexes tested at the working concentration of 0.0078mg/ml.
From the left; CS, CS-mannose, CS-PEG, mannose-CS-PEG, CS-PEG-
mannose, and no treatment group. The relative cell viability was calculated
by normalizing to the non-treatment group. The experiments were repeated at
least twice. Data is represented as mean + standard deviation (n=3).

www.manharaa.com




56

120 1

100 -

% Cell Viability
IN o )
o o o

N
o
1

ann

no treatment CS-Mannose CS-PEG Man-CS-PEG CS-PEG-Man

Transfection Groups

www.manharaa.com




57

CHAPTER 4 : SIRNA DELIVERY SYSTEM COMPOSED OF
POLYETHYLENIMINE, POLY(ETHYLENE GLYCOL) AND
MANNOSE

Introduction

PEI is a synthetic cationic polymer that has been widely used to deliver
oligonucleotides, siRNA and plasmid DNA in vitro and in vivo.**>% 7 Chitosan was
modified in Chapter 3 to improve siRNA delivery efficiency of chitosan. However, the
modified chitosan generated low gene knockdown efficiency. In this chapter, PEI is
replacing chitosan to improve gene delivery efficiency. Similar to chitosan, PEI
electrostatically condenses nucleic acids and forms stable polyplexes.*” Branched PEI
with higher molecular weights is more efficient for in vitro transfection than linear PEI or
PEIs of lower molecular weight because it condenses nucleic acids more effectively.’”
Every third atom of PEI is a protonatable nitrogen atom, which enables the proton sponge
effect at most pH. PEI buffers the acidification within the endosome after endocytosis.
This process results in endosomal chloride accumulation, which leads to osmotic swelling
and rupture. It allows endosomal escape of the PEI/siRNA polyplexes.*” Although PEI
has potential as a gene delivery vehicle, it is also associated with high toxicity compared
to other non-viral vectors.** *>°* % The toxicity can be reduced by modifying PEI such

. . . . 4. . 4. 106-
that its free amine groups served to conjugate cell binding ligands.®- 8% 106-108. 111 112,125,

189, 193-196

Various modifications have been applied to PEI to reduce toxicity and increase
target specificity.'”’ For example, it is linked to other macromolecules like PEG, either
alone or in combination with ligands for cell specific binding®! > 10% 113 114 180. 193,195, 198-
29" Conjugation of PEG to a cationic polymer creates a hydrophilic layer around the

nanoplexes. The hydrophilic layer provides steric hindrance and interferes with the

adsorption of protein in serum. Therefore, PEG increases the circulatory half-life and
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reduces immune response.''>''® Ligands can be conjugated to PEI to improve target-
specific delivery efficiency of siRNA."** Mannose induces ligand-receptor specific
interaction and increases the delivery efficacy by a receptor-mediated endocytosis.'* Its
receptor is expressed on the surface of dendritic cell, macrophages, and liver endothelial
cells, etc.!?

In this chapter, we synthesized a siRNA delivery system consists of PEI, PEG,
and mannose. PEI is used to replace chitosan to improve delivery efficiency of siRNA.
The delivery system was designed in two different structures as described in chapter 3 to
study the effect of mannose location in the polymer formulation. In the first structure,
both mannose and PEG were directly attached to the PEI backbone, whereas mannose
was indirectly conjugated to PEI through PEG chain in the second structure. (Table 4-1)
The pegylated and mannosylated PEIs were evaluated for its siRNA complexation
capacity, size distribution and surface morphology, mRNA and protein knockdown

efficiencies, and cytotoxicity.

Materials and Methods

Materials

Branched PEI 25kDa was purchased from Sigma-Aldrich (St. Louis, MO). NCI
(negative control 1) and HPRT (Hypoxanthine-Guanine Phosphoribosyl Transferase)
siRNAs were kindly provided by Integrated DNA Technologies (Coralville, IA). The
same materials described in Chapter 3 were used to synthesize mannosylated and

pegylated PEI siRNA delivery system.

Pegylation and mannosylation of PEI

To synthesize pegylated and mannosylated PEI, the same process as described for

the modified chitosan was carried out with the exception of PEI replacing chitosan (refer
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to Materials and Methods, Chapter 3). The concentrations and amounts of polymers were

maintained to keep the conjugation ratio consistent.

Confirmation of pegvlation and mannosylation

The synthesis of pegylated and mannosylated PEI polymers was confirmed using
proton nuclear magnetic resonance ('H NMR). The polymers were prepared for the

analysis following the same method as previously described in Chapter 3.

Quantification of mannose content

Resorcinol (Riedel-de Haen, Seelze, Germany) assay was used to evaluate the
degree of mannosylation in the modified PEI polymers. The same preperation method

was used as described in Chapter 3.

Cell culture

Raw?264.7 cells (ATCC, Manassas, VA), a murine macrophage cell line that
overexpresses mannose receptors were cultured in Dulbecco's Modified Eagle's Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Hyclone), penicillin-
streptomycin (100units penicillin; 100ug streptomycin/ml, Gibco). The cells were

maintained at 37°C in a humidified, 5% carbon dioxide atmosphere.

Amplification and purification of pDNA

The psiCHECK ™-2 (Promega, Madison, WI) vector encoding firefly (hluc+) and
Renilla (hRluc) luciferase was amplified and purified following the same method as

described in Chapter 3.

Preparation of PEIl/siRNA nanoplexes

PEI/siRNA nanoplexes were formed at predetermined N/P (nitrogen in cationic
polymer per phosphate in nucleic acid) ratios with siRNA and polymer solutions. A mass

per phosphate of 325Da for RNA and mass per charge of 43Da for PEI were used to
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calculate N/P ratio. The nanoplexes were formed using the same method described in the

previous chapter.

Size distribution and surface morphology analysis

The polymer/siRNA nanoplexes were analyzed for the size distribution and
surface morphology using SEM and zeta sizer. The samples were prepared following the

same process described in Chapter 3.

SiRNA retardation ability

The polymer/siRNA nanoplexes were analyzed for the degree of retardation in an
EtBr agarose gel at the conditions described previously, with the exception of running

time. The gels were run at 60V in TAE buffer for 40 minutes instead of 45 minutes.

Intracellular trafficking

Cellular uptake study with lysosomal staining was carried out following the same
preparation process as described in Chapter 3. Trafficking with green fluorescent-labeled
polymers (OregonGreen 488) was performed without lysosomal staining step. Briefly,
RAW264.7 cells were plated onto 0.01% (w/v) poly L-lysine coated 8-well chamber
slides (Lab-Tak) at 1.2 x 10%/well concentration and incubated overnight. The cells were
transfected with OregonGreen polymer/Cy3-labeled siRNA nanoplexes in fresh opti-
MEM. At pre-determined time points, the cells were preserved until observation using

the same method described before.

In vitro gene knockdown efficiency on mRNA expression

Cells were seeded onto 48-well plate (8 x 10* cells/well) for endogenous gene
knockdown on day 0. Then NC1 (negative control) and HPRT siRNAs were transfected
using various polymers in opti-MEM media on day 1 and incubated for 24 hours. Total
RNA was extracted (Promega, SV96 Total RNA Isolation System) on day 2 followed by

cDNA synthesis and real-time PCR. 150ng of total RNA was used for reverse
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transcription using Superscript II reverse transcriptase (Invitrogen, San Diego, CA).
cDNA equivalent to 10 ng total RNA was analyzed by real-time PCR in triplicate using
Immolase polymerase (Bioline, Randolph, MA) on AB7900HT (Applied Biosystems).
The data was reported as mean =+ standard deviation from triplicate RT-PCR reactions of
each triplicate sample using Microsoft Excel and Prism® software (GraphPad Software,

Inc). Experiments were repeated at least twice.

In vitro gene knockdown efficiency on protein expression

RAW264.7 cells were transfected with psiCHECK ™-2 using PEI instead of
Lipofectamine 2000 in contrast to the modified chitosan transfection analysis. The
following process was the same as described in Chapter 3. Experiments were repeated at

least three times.

Cytotoxicity evaluation

Cytotoxicity was determined using the MTS assay (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega, Madison, WI) following the manufacturer’s

protocol. Experiments were repeated at least three times.

Statistical analysis

Group data are reported as mean + standard deviation. Statistical analysis was
carried out using one-way ANOVA followed by Tukey’s multiple comparison test.
Prism software (GraphPad Software, San Diego, CA) was used to perform statistical

analyses. P <0.05 was considered as statistically significant difference.

Results

Pegvylation and mannosvlation of PEI are verified

PEI-PEG-mannose and mannose-PEI-PEG showed peaks at & 7.0 (MPITC

phenyl-H), 6 3.5 (PEG-CH), and 6 2.6 (PEI-CH) indicating successful incorporation of
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PEI, PEG and mannose in the final product. (Figure 4-1D, E) The signal at 7ppm was
relatively weak but indicated the presence of mannose. When comparing these spectra to
the control spectra of PEI, PEI-mannose, and PEI-PEG (Figure 4-1A-C), the 3.5ppm peak
matched to PEG and the 2.6ppm corresponded to the PEI hydrocarbon chain. The
conjugation/substitution ratio was calculated based on the peak area ratio between
3.5ppm PEG and 2.6ppm PEI. (Table 4-2) The molar ratios of PEI to PEG were 3.704 in
PEI-PEG and 1.23 in PEI-PEG-mannose. There were two different products of mannose-
PEI-PEG. One product had a PEI/PEG ratio of 3.491 and the other had a PEI/PEG ratio
0f 0.962. The product with the 0.962 PEI/PEG ratio was selected for subsequent
experiments (batch #1) because its mannose content was similar to the PEI-PEG-
mannose construct. There was no significant difference between the '"H NMR spectra of

mannose-PEG-PEI and PEG-PEI-mannose.

Mannose quantity is determined

The resorcinol assay is a commonly used method to determine the content of
monosaccharides in polymeric structures.'” The mannose content in our products was
determined using this technique. (Table 4-2) Mannosylated PEI showed 0.14 pmol/mg
mannose existence. PEI-PEG-mannose had 0.12umol/mg of mannose. The two different
products of mannose-PEI-PEG had 0.19 and 0.81pmol/mg mannose, respectively (batch
#1 and batch #2). As described above, the mannose-PEI-PEG with 0.19umol/mg
mannose was selected for subsequent experiments to closely match the mannose content

of the PEI-PEG-mannose construct.

Nanoplexes are spherical and coarse in appearance

SEM images were used to observe surface morphology and shape of the
polymer/siRNA nanoplexes. The polymer/siRNA nanoplexes without pegylation were
spherically or semi-spherically shaped with some porosity but otherwise smooth surfaces.

(Figure 4-2A and C) In contrast, the PEGylated nanoplexes had more coarse features on
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the surface. (Figures 4-2B, D and E) The particle sizes of various PEI polymers/siRNA
nanoplexes are shown in Table 4-3. PEI/siRNA polyplexes and PEI-PEG/siRNA
nanoplexes had 214.57 nm and 201.80 nm average diameters respectively. PEI-
mannose/siRNA nanoplexes showed 257.53 nm in average. Man-PEI-PEG formed
nanoplexes with siRNA with an average size of 169.10 nm. PEI-PEG-mannose/siRNA
nanoplexes had an average size of 357.33 nm. In addition, the formulations had positive
zeta potentials that could aid in attraction to the negatively charged cell membrane. The
pegylated PEI/siRNA nanoplexes and PEI-PEG-Man/siRNA nanoplexes displayed zeta
potentials (24.37 mV and 21.63 mV respectively) that were similar to unmodified PEI
(21.94 mV). PEI-mannose/siRNA nanoplexes also showed similar surface charge of
26.37 mV. The zeta potential of nanoplexes prepared using Man-PEI-PEG had a lower
value of 10.46 mV.

Modified PEI polymers complex and retard siRNA

migration

For the mannosylated and pegylated PEI products we generated to be capable of
delivering siRNA, they must be able to complex and condense the siRNA as efficiently
as PEI alone. Cationic polymers form nanoplexes with anionic siRNAs and compact
them by ionic/electrostatic interactions. This complexation capacity was analyzed using
a gel electrophoresis assay. The migration of siRNA on the agarose gel was retarded
with the use of all the polymer constructs. All the constructs including PEI (Figure 4-3A)
and PEI-PEG (Figure 4-3C) showed excellent complexation with siRNA even at low N/P
ratios of 1 that prevented siRNA migration in the gel retardation assays. PEI-
Mannose/siRNA nanoplex also showed effective complexation at N/P ratio 3 and above.
(Figure 4-3B) Both mannose-PEI-PEG and PEI-PEG-mannose showed complete

exclusion of EtBr from N/P ratios 1 to 15 indicating a broad and strong complexation

www.manaraa.com



64

capacity with siRNA. (Figures 4-3D and E) Based on this result, the following studies

were carried out using nanoplexes prepared within this range of N/P ratios.

Modified PEIl/siRNA nanoplexes are endocytosed by

RAW264.7 cells

To track the cellular uptake and distribution of the mannosylated pegylated
PEI/siRNA nanoplexes, siRNA and endosomes were labeled with red and green
fluorophores, respectively. At 2 hours post-transfection, all the polymer/Cy3-siRNA
nanoplexes (shown in red) were successfully internalized in the RAW264.7 cells.
PEI/siRNA and PEI-PEG/siRNA nanoplexes were taken up by cells and localized in
vesicular structures as seen by yellow fluorescence due to the green staining of lysosome
and red siRNA signal in close proximity. (Figures 4-4A and C) PEI-Mannose/siRNA
signal was weak but found close to lysosomal signal. (Figure 4-4B) Mannose-PEI-
PEG/siRNA nanoplexes were also endocytosed and located near lysosomes. (Figure 4-
4D) PEI-PEG-mannose/siRNA nanoplexes showed the most uniformed endocytosis
evenly distributed in a large group of cells. (Figures 4-4E) Several images showed
nanoplexes in the cytoplasm at the perinuclear region as observed by the separation of the
green and red signal (nuclei stained with blue) suggesting release of the nanoplexes from
the endosomes. This phenomenon was more prominently detected in the cells transfected
with PEI-PEG-mannose/siRNA nanoplexes due to the increased uptake and broad

distribution of the siRNA.

Modifications of PEI improve gene knockdown efficiency

Real-Time Polymerase Chain Reaction (Quantitative PCR/qPCR)

Endogenous gene knockdown was carried out using HPRT (Hypoxanthine-
Guanine Phosphoribosyl Transferase) siRNA transfection. HPRT is a ubiquitously
expressed enzyme that is commonly used as a positive control for endogenous gene

knockdown experiments. PEI/siRNA and PEI-mannose/siRNA nanoplexes resulted in
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68.31% and 95.48% gene expression at N/P ratio 10. (Figure 4-5A) PEI-PEG/siRNA
resulted in a 65.80% remaining gene expression. The tricomponent polymers, mannose-
PEI-PEG and PEI-PEG-mannose, further enhanced gene delivery showing 62.15% and
61.19%, respectively. Mannosylation alone did not improve the gene knockdown
efficacy of PEI. Whilst pegylation and mannosylation jointly improved knockdown at
the mRNA level, none of these differences were significant.

Dual Luciferase Assay

In vitro transfection was performed using the dual-luciferase reporter system to
evaluate the siRNA delivery potential of mannosylated pegylated PEI delivery systems.
Relative gene expression levels were analyzed after transfecting siRNA only targeting
Renilla luciferase mRNA and leaving firefly gene expression as an internal control. All
the polymers successfully delivered siRNA and reduced target gene expression. (Figure
4-5B) PEI/siRNA nanoparticles inhibited Renilla gene expression to 33.6% at an N/P
ratio of 3 and 18.8% at an N/P ratio 10. PEI-Mannose/siRNA showed relatively less
effective than the others showing 52.2% gene expression at both N/P ratios 3 and 10. At
an N/P ratio of 3, PEI-PEG had the strongest knockdown efficiency resulting in 11.3%
expression, which is significantly lower than the other transfection groups including a
commercial transfection reagent, siLentFect (48.2%). However, increasing the N/P ratio
of PEI-PEG to 10 reduced knockdown to 58.6%. There was no statistically significant
difference in gene silencing efficiency of PEI-PEG between the N/P ratio of 3 and 10
(P>0.05). Mannose-PEI-PEG/siRNA nanoplexes generated 34.2% and 42.0% gene
expression when used at N/P ratios 3 and 10, respectively. PEI-PEG-mannose decreased
gene expression down to 19.9% at N/P ratio 3 and 22.9% at N/P ratio 10. No significant
difference was found between the N/P ratios of 3 and 10 in both modified polymers
(P>0.05). Furthermore, the modified polymers showed no significant difference in gene
silencing efficiency in comparison to unmodified PEI (P>0.05). The luciferase assay was

also carried out with the nanoplexes prepared at the N/P ratios of 5 and 7 (data not
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shown). The result did not show significant differences in gene silencing efficiency when

compared to nanoplexes prepared at N/P ratios of 3 and 10.

Modifications of PEI significantly reduce toxicity

Raw?264.7 cells were treated with various groups of nanoplexes to evaluate
toxicity. At a concentration of 0.0078mg/ml, PEI showed the highest toxicity resulting in
37.5% cell viability. (Figure 4-6) PEI-Mannose was the least toxic with 85.4% cell
survival. PEI-PEG resulted in higher cell viability (79.1%) when compared to PEI alone.
Mannose-PEI-PEG (68.9%) and PEI-PEG-mannose (53.9%) also resulted in higher cell
viabilities than PEI alone. The modified PEI polymers demonstrated lower cytotoxicity
relative to unmodified PEI. Cell viabilities were decreased by increasing concentrations
of polymers for all the groups tested. However, the reduction in cytotoxicity when using
modified polymers in comparison to unmodified PEI increased dramatically at the

highest concentrations of 1 mg/ml tested (data not shown).

Discussion

In this study, we synthesized, characterized, and tested a mannosylated pegylated
PEI delivery system for siRNA. Pegylation has potential to interfere with serum protein
binding and increase the circulation time of nanoparticles.''> "' Mannose can
increase binding of particles to mannose receptor-expressing cells and enhance cellular
uptake, 2% 123 128133, 35 175.176 "y oy knowledge, this is the first study to evaluate
mannosylated pegylated PEI for siRNA delivery, and it is the first study to characterize
the effect of the location of the mannose ligand in mannosylated pegylated PEI constructs
on knockdown efficiency.

Pegylation and mannosylation was carried out in two ways. PEG and mannose
were directly conjugated onto the PEI backbone in one structure and mannose was
conjugated to the PEI via a PEG spacer in the other. 'H NMR spectra confirmed the

presence of PEI, PEG, and mannose in both structures, and the peaks were consistent to
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the previously reported values.'” '*" The signal for mannose at 7 ppm was weak because
the relative amount of mannose in the overall construct composition was small. For this
reason, we used the resorcinol assay to quantify the amount of mannose present in each
construct.

The surface chain density of PEG is a critical factor in improving stealth shielding
of the nanoplexes. The PEI to PEG ratio of 3.704 in PEI-PEG suggested that every 25
kDa PEI chain had 3.45 chains of 2 kDa PEG. PEI-PEG-mannose had a 1.23 PEI/PEG
ratio indicating 10.16 PEG chains per PEI. The PEI/PEG ratio of 0.962 in mannose-PEI-
PEG suggested that there are 13.3 PEG chains for each PEI. PEG chains have a larger
range of motion at low surface coverage, that can lead to gaps in the PEG protective

'8! For PEG chains to fully cover the surface of PEI/siRNA polyplexes, six short

layer.
PEGs (5 kDa) or one long PEG (10 kDa) are needed.*” '’ Therefore, 3.45-13.3 chains of
2 kDa PEG was expected to provide a sufficient steric stabilization. PEI-mannose had
0.14 pmol/mg of mannose representing 3.4 mannose molecules per every one 25 kDa
PEI. Mannose-PEI-PEG and PEI-PEG-mannose each had 0.19 umol/mg and 0.12
umol/mg of mannose, which represented an average mannosylation of 4.7 and 3.0
molecules of mannose existence per PEI, respectively. This amount of mannose was
expected to be sufficient to achieve selective binding of mannose receptors on cells. The
degree of mannosylation and pegylation could be optimized by their feed ratio in the
reaction.'”

The nanoplexes displayed spherical shapes with 169.10nm to 357.33nm in size as
determined in the size measurement using the Zetasizer nano ZS. This size of nanoplexes
was suitable for efficient endocytosis by cells. Nanoplexes larger than this range
observed in the SEM images were probably clusters of smaller ones. The zeta potentials
of PEI-PEG-Man/siRNA nanoplexes showed positive values that were approximately

21.63mV and similar to unmodified PEI and pegylated PEI. This result suggested that

PEI-PEG-Man could form stable nanoplexes with siRNA. The zeta potential of Man-
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PEI-PEG/siRNA nanoplexes was relatively low compared to PEI-PEG-Man/siRNA
nanoplexes. This could explain the lower cellular uptake of Man-PEI-PEG observed in
our intracellular trafficking studies. The lower zeta potential could lead to weaker
interactions with siRNA and the cell surface, which in turn could lead to decreased
endocytosis of the nanoplexes. Pegylation of PEI did increase the average size of the
particles but not to the extent of interfering with endocytosis. Similar to the modified
chitosan/siRNA, the increased size of pegylated PEI nanoplexes can be explained by the
reduced intensity of interaction between PEI and siRNA by PEG chains.*'"® The
selection of a higher molecular weight (25kDa) branched PEI ensured that pegylated PEIs
are able to condense and complex siRNA efficiently, even at N/P ratios of 1. Branched
PEI was selected as the backbone for our system because the complexation of branched
PEI with siRNA has been reported to exceed that of linear PEL.'** As a result, in gel
retardation assays, no reduction in siRNA condensation properties was found with
PEGylated PEIs. Overall, complete binding of siRNA was achieved with all the various
constructs at N/P ratios of 3 and higher. Mannosylation of PEI reduced the retardation of
siRNA at the N/P ratio of 1, however this reduction was recovered at the N/P ratio of 3.
A murine macrophage cell line that overexpresses mannose receptors was chosen
because macrophages are a potential target for our modified PEI delivery system.'*® In
confocal images, co-localization of the green and red signals indicated that nanoplexes
were being internalized by endocytosis as previously reported.”' Unlike the cells
transfected with the modified chitosan in Chapter 3, separate siRNA signals were
abundantly found in the cytosol when transfected with the modified PEI. It indicates that
siRNA was released from the endosomal compartments. The same was observed when
we used green fluorescent-labeled (Oregon Green 488) polymer to complex siRNA.
Thirty minutes after incubation, the nanoplexes was internalized by cells and localized in
cytoplasm. After 2h, green fluorescent-labeled polymers and red fluorescent-labeled

(Cy3) siRNA were separated in cytoplasm (data not shown) indicating that sSiRNA
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nanoplexes was released from the vesicles as well as from the polymers and were
distributed in the cytosol. This release of siRNA can be attributed to the proton sponge
effect, which causes rupture of the endosomes because of the PEIs strong buffering
capacity.® Intracellular trafficking plays an important role in the fate of siRNA
polyplexes because their spatial distribution does not correspond to simple diffusion.'®®
Perinuclear localization of siRNA, as seen in some cells, is required for successful gene
silencing by interaction with RISC to induce RNAI. Interactions with RISC dictate
siRNA localization even when siRNA is conjugated to cell-binding ligands such as the
TAT peptide.® It suggests that the mannosylated pegylated PEI polymers developed in
this study successfully protected siRNA during endocytosis and lysosomal escape in
order to integrate siRNA into the RISC for RNAi induction. Mannosylation did not
increase cellular uptake. Cell binding ligands do not always improve transfection
efficiency. High affinity interactions between ligands and receptors decreased
transfection efficiency by the increased amount of ligand, which prevents both the
specific receptor-mediated endocytosis and non-specific endocytosis of the complexes.™
The charge shielding of mannose could be another reason for this observation.
Mannosylation and pegylation, when conjugated together, did not reduce
knockdown efficiency relative to unmodified PEI. The advantages of pegylating
polyplexes and incorporating cell binding ligands for in vivo applications have been well
established. ' 115 122 178. 180.189. 190 "pooyiation had no adverse effect on knockdown
efficiency and also it reduced toxicity. This reduction in toxicity was slightly offset by
the mannosylation. The difference in cytotoxicity between cells treated with modified
PEI and unmodified PEI increased as the concentration of the nanoplexes that cells were
treated with increased. Pegylation of the nanoplexes was also expected reduce toxicity at
the systemic level by reducing aggregation of the nanoplexes and therefore the capillary

108

embolism that has been associated with the use of unmodified PEI."™ Mannose-

conjugated PEI did not enhance the transfection efficiency showing lower gene
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knockdown than unmodified PEI. It follows intracellular trafficking results in relation to
the charge shielding of mannose.

The importance of the location in the construct has not yet studied in the
mannosylated and pegylated PEI delivery system. PEI-PEG-mannose/siRNA nanoplexes
resulted in higher toxicity and higher knockdown efficiency relative to mannose-PEI-
PEG. Furthermore, PEI-PEG-mannose/siRNA nanoplexes had more stable uptake by
RAW264.7 cells compared to mannose-PEI-PEG/siRNA nanoplexes. This observation
could be explained by the structural difference between the two constructs. The PEI-
PEG-mannose construct had mannose moieties exposed at the tip of PEG chain, whereas
the PEG chains could hinder the mannose ligand in mannose-PEI-PEG. Thus the
mannose ligand-receptor interaction could be physically hindered by the PEG chains.
The PEG chain could interfere cell binding by shielding not only PEI but also the
ligand.'®® We carried out cellular uptake time-lapse studies at various time points
including 0.5, 1, 2, 4, 8, and 24 hours (data not shown). Throughout the course of
experiment, we observe that PEGylated PEI had delayed cell uptake/endocytosis relative
to PEI alone, and this observation would support our hypothesis. The reason that PEG-
PEI without mannosylaton at an N:P ratio of 3 still has better luciferase knockdown than
either the mannose-PEI-PEG or PEI-PEG-mannose constructs could be attributed to its
better cytotoxicity profile.

The endogenous knockdown generated by the modified PEIs was significantly
less effective than RNAiMax at targeted mRNA reduction. In addition, in our hands,
TransIT-TKO can routinely provide 80-90% knockdown, which is significantly more
effective than the modified PEIs (data not shown). Quantitative gene expression data
such as qPCR results are normalized to the expression levels of housekeeping genes
serving as control.*** It is based on the assumption that the expression of housekeeping
genes remain constant in the cells or tissues. In this study we used the expression level of

HPRT house keeping gene as a target for endogenous mRNA knockdown.
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The modified PEIs were more efficient at luciferase knockdown than that of
another commercial transfection reagent, siLentFect. Moreover, both mannose and PEG
had well established attributes for in vivo delivery such as selected cell binding, reduced

. .. . . 1 1 191
systemic toxicity and enhanced circulation.'*® *> ¥

In particular, mannose ligands have
shown significant potential for binding antigen presenting cells (APCs) such as mouse
macrophages and dendritic cells.”> ' Furthermore, PEGylated PEI/siRNA nanoplexes
decreased random uptake into non-specific organs including liver and spleen compared to
unmodified PEL'"" ' The location of cell binding ligands is expected to have important
implications in the design of several plasmid DNA, oligonucleotide, and siRNA delivery
systems currently in development that utilize alternative cell binding ligands.'%® 12 133 13>

176. 186,192 A dditionally, we wanted to investigate the potential of this delivery system

further for in vivo application PLGA microspheres.
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Table 4-1: Molecular structures of two different constructs using PEIL, PEG, and
mannose, and schematics of nanoplexes once complexed with siRNA.

Structure Nanoplex

Mannose

Vo

Construct #1 H Manze " -

Man-PEI-PEG N/jm Nqu H
\ |
e, ﬁ\o 110
PEG-PEI-Mannose :gNH, ' N:EG
1, o
Construct #2 /\/N\/;/\/"\/\N/\/NJ\BN/\
PEI-PEG-Man "\*h 1 jd“

HO
PEG
OH o)
s&—N O OH

Note: Chemical structures of modified PEI constructs are shown in the left column and
schematics of products after complexed with siRNA are shown in the right column.
Mannose and PEG are directly conjugated to the PEI backbone in construct #1, whilst
mannose is conjugated to the PEI via a PEG spacer in construct #2.
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Table 4-2: PEI/PEG molar ratio and mannose content of the various modified PEI

polymers
Polymer/PEG Mannose content
Formulation
molar ratio (umol/mg)
PEI-Mannose N/A 0.13671
PEI-PEG 3.704 N/A
Mannose-PEI-PEG (batch #1) 0.962 0.18679
Mannose-PEI-PEG (batch #2) 3.491 0.81315
PEI-PEG-Mannose 1.23 0.12122

Note: The PEI to PEG molar ratio was calculated based on the area of 'H NMR peaks.
Resorcinol measurements were used to determine the content of mannose (umol mannose

per 1mg polymer) in each construct.
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Table 4-3: Hydrodynamic size and zeta potential of the modified PEI
polymer/siRNA polyplexes

Formulation Zeta Potential (mV) Size (nm)
PEI 21.94 +0.50 214.57 £29.00
PEI-Mannose 26.37 +2.65 257.53 £8.77
PEI-PEG 2437+ 1.63 201.80 +4.95
Mannose-PEI-PEG 10.46 + 0.91 169.10 £ 9.54
PEI-PEG-Mannose 21.63 £ 6.31 357.33 +£92.90

Note: All the polyplexes were prepared with 1uM siRNA at N/P ratio 7. All data were
represented as mean = SD (n = 3)
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Figure 4-1: "H NMR spectra of the modified PEI polymers confirming the presence
of PEL, PEG, and mannose in each construct. Each components of the
constructs are indicated with boxes. A.unmodified PEI showed a peak at
2.6ppm. B. Mannosylated PEI showed peaks of PEI at 2.6ppm and mannose
at 7ppm. C. Pegylated PEI showed peaks of PEI at 2.6ppm and PEG at
3.5ppm. D. Mannose-PEI-PEG showed peaks of PEG at 3.5ppm, PEI at
2.6ppm and mannose at 7ppm. E. PEI-PEG-mannose also showed each
component at the same peaks as mannose-PEI-PEG.

www.manharaa.com




PET |

76

25 20 15 10 05 ppm
B
' .PEI[
|
mannose l ’tj' ‘\
| L‘WW A
M \J———-
78 TO €8 60 B85 50 48 49 38 30 28 20 18 19 son
C
“ PEG PEI
*r—***;‘-s—ﬂ—ﬁﬁ*r T i T T——, T T T — T
6 4 3 2

www.manharaa.com



77

Figure 4-1 continued
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Figure 4-2: Scanning Electron Microscopy (SEM) images demonstrating the effect
of pegylation and mannosylation on the size distribution and surface
morphology of the modified PEI/siRNA nanoplexes. A, PEI/siRNA
nanoplexes, B, PEI-Mannose/siRNA nanoplexes, C, PEI-PEG/siRNA
nanoplexes, D, Mannose-PEI-PEG/siRNA nanoplexes, E, PEI-PEG-
mannose/siRNA nanoplexes. All the nanoplexes were prepared with 1uM
siRNA at N/P ratio 5. The experiments were repeated three times. The best
representative images are shown.
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Figure 4-3: The effect of pegylation and mannosylation on siRNA retardation ability
of the modified PEI polymers using ethidium bromide agarose gel
electrophoresis. A, PEI/siRNA nanoplexes, B, PEI-mannose/siRNA
nanoplexes, C, PEI-PEG/siRNA nanoplexes, D, Mannose-PEI-PEG/siRNA
nanoplexes, E, PEI-PEG-mannose/siRNA nanoplexes. All the nanoplexes
were prepared with 1uM siRNA from N/P ratio 1 to 15. The experiments
were repeated at least twice. The best representative images are shown.
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Figure 4-4: Confocal microscope images demonstrating the effect of pegylation and
mannosylation on cellular uptake and intracellular localization of the
modified PEI/siRNA nanoplexes in RAW264.7 cells. The cells were
stained with Lysotracker Green (green), incubated with nanoplexes formed
using Cy-3 labeled siRNA (red), and then mounted with DAPI containing
mounting solution after fixation. Co-localization of nanoplexes and
lysosomes are shown as a yellow signal. A, PEI/siRNA nanoplexes, B, PEI-
mannose/siRNA nanoplexes, C, PEI-PEG/siRNA nanoplexes, D, Mannose-
PEI-PEG/siRNA nanoplexes, E, PEI-PEG-mannose/siRNA nanoplexes. The
experiments were repeated at least twice. The best representative images are
shown.
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Figure 4-5: The effect of pegylation and mannosylation on gene knockdown
efficiency of the modified PEI/siRNA nanoplexes demonstrated for
luciferase protein and HPRT mRNA expression in RAW264.7 cells. A,
Relative expression of HPRT mRNA levels normalized to that of NC1
mRNA. From the left, no treatment, naked siRNA, RNAiMax/siHPRT,
PEI/siHPRT, PEI-mannose/siHPRT, PEI-PEG/siHPRT, mannose-PEI-
PEG/siHPRT, PEI-PEG-mannose/siHPRT. The data was reported as mean +
standard deviation from triplicate RT-PCR reactions of each triplicate sample.
B, Relative gene expression of Renilla luciferase is normalized to that of
firefly luciferase served as an internal control. From the left, PEI/DS neg.
scrambled siRNA served as negative control, siLentFect/sihRluc served as
positive control, PEI/sihRluc, PEI-mannose/sihRluc, PEI-PEG/sihRluc,
mannose-PEI-PEG/sihRluc, and PEI-PEG-mannose/sihRluc with N/P ratios at
3 and 10. The experiments were repeated at least twice. Data is represented
as mean + standard deviation (n=3).
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Figure 4-6: The effect of pegylation and mannosylation on cytotoxicity of the
modified PEI/siRNA nanoplexes in RAW264.7 cells. Cytotoxicity of
various nanoplexes tested at the working concentration of 0.0078 mg/ml.
From the left; no treatment, PEI, PEI-mannose, PEI-PEG, mannose-PEI-PEG
and PEI-PEG-mannose groups. The relative cell viability was calculated by
normalizing to the no-treatment group. The experiments were repeated at
least twice. Data is represented as mean + standard deviation (n=3).
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CHAPTER 5: THERAPEUTIC PLGA MICROPARTICLES
INCORPORATING THE MODIFIED PEI/SIRNA NANOPLEXES

Introduction

We have previously developed a siRNA delivery system that is composed of PEI,
PEG, and mannose in two different constructions. Mannose and PEG, when conjugated
in combination, reduced in vitro toxicity profile and did not impair siRNA knockdown
efficiency of PEI. PEI-PEG-mannose produced stronger siRNA knockdown when
compared to mannose-PEI-PEG. For this reason, the PEI-PEG-mannose construct was
chosen to be investigated further for in vivo gene delivery efficiency. In this study, we
incorporated the modified PEI/siRNA nanoplexes into PLGA microparticles in order to
further protect siRNA, to improve in vivo delivery efficiency, and to create a long-acting
delivery system. When encapsulated in biodegradable microparticles, the entrapped
cargo can be protected from enzymatic degradation and released in a controlled
manner.”” PLGA particles are efficiently phagocytosed by dendritic cells or
macrophages in vitro and in vivo, and therefore capable of triggering robust immune
responses.’’*% In terms of formulation, it is difficult to efficiently encapsulate high
amounts of hydrophilic macromolecules such as siRNA into the PLGA particles due to
the hydrophobic nature of PLGA.'*® One way to improve encapsulation of nucleic acids
is to add a cationic polymer to the PLGA matrix.'* Addition of PEI increased the
loading efficiency of PLGA particles of nanoplexes. Modified PEI can be a good
cationic excipient to PLGA microparticles and is expected to enhance encapsulation of
siRNA.

The purpose of the overall research is to develop efficient siRNA delivery
systems that can be ultimately applied to in vivo therapeutic model. In order to optimize
the PLGA particle formulation with modified PEI/siRNA nanoplexes, the main goal of

this chapter was to characterize and invest utility of unmodified PEI and the two different
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modified PEISs as cationic excipients. The PLGA particles loaded with modified
PEI/siRNA nanoplexes were characterized for encapsulation efficiency of siRNA, surface
morphology, release and toxicity profiles. Adding the modified PEI to the PLGA particle
matrix was expected to improve loading efficiency. We expected to modify surface
features and size of the particles, which in turn will alter release profile. After the
physicochemical characterizations, their delivery performance was evaluated in vitro and
in vivo experiments. We also evaluated in vivo hepatotoxicity following the PLGA

microparticles injection.

Materials and Methods

Materials

PLGA (75:25, inherent viscosity, 0.41 dL/g) were purchased from Lactel
Absorbable Polymers (Cupertino, CA). Poly (vinyl alcohol) (PVA, 87 — 89 %
hydrolyzed, MW 30- 67,000 Da) was from Sigma-Aldrich (St. Louis, MO). All other
chemicals and solvents including dichloromethane (DCM) and acetonitrile used were of
analytical grade. All the siRNAs (Cy-3, NC1, and GAPDH) was kindly provided by

Integrated DNA Technologies (Coralville, TA).

Preparation of modified PEl/siRNA nanoplexes-loaded

PLGA microparticles

The modified PEIs were complexed with siRNA in 1% polyvinyl alcohol (PVA)
solution as previously described in Chapter 3. Then PLGA microparticles were prepared
using water-in-oil-in-water (W/O/W) double emulsion, solvent evaporation technique.
(Figure 5-1) Polymer/siRNA nanoplexes in solution served as the internal aqueous
phase. They were emulsified into an oil phase consisted of PLGA (75:25, 35kDa,
inherent viscosity 0.41 dL/g) dissolved in dichloromethane (DCM) for 30 seconds using

micro-tip sonicator at level 3 setting (10 Watts, Sonic Dismembrator Model 100, Fisher
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Scientific, Pittsburgh, PA). The mixture, the primary water-in-oil emulsion, was
immediately mixed into an external aqueous phase of 1% PVA solution and homogenized
for 30 seconds at 9500rpm using IKA Ultra-Turrax T25 basic homogenizer (IKA,
Wilmington, NC). Then the secondary water-in-oil-in-water emulsion was stirred in the
hood for 2 hours to evaporate DCM. After the evaporation, the particles were washed
with nuclease-free deionized water and recovered by centrifugation at 5000 x g for 10
minutes followed by lyophilization (Labconco FreeZone 4.5, Kansas City, MO) for

storage.

Evaluating encapsulation efficiency (EE)

After the first centrifugation of the particles, the amount of free siRNA in the
supernatant collected was measured using Nanodrop'™ 2000 (Thermo Scientific,
Wilmington, DE). Encapsulation efficiencies >’ of polymer/siRNA nanoplexes-loaded
PLGA microparticles were calculated as follows:

Starting amount of siRNA — Free siRNA in supernatant

EE (%) = x 100
Starting amount of siRNA

Alternatively, the encapsulation efficiencies of PLGA microparticles were
calculated by measuring the amount of loaded siRNA using the Quant-IT™ PicoGreen®
reagent (invitrogen, Eugene, OR). The PLGA microparticles (50mg) were dissolved with
2ml DCM for 5-10 minutes to release siRNA and nuclease-free deionized water was
added to dissolve siRNA out. The upper aqueous phase was removed to collect siRNA.
Then the concentration of siRNA in the solution was determined according to the Quant-

IT™ PicoGreen® reagent manufacturer’s protocol.

Evaluating EE using fluorescent PLGA microparticles

Fluorescent-labeled Cy3 siRNA was utilized to visualize the incorporation of

siRNA in the PLGA microparticles. The presence of siRNA was verified using confocal
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microscopy and flow cytometry. The particles were dissolved in nuclease-free deionized
water and immediately analyzed either using the confocal microscope (Zeiss LSM 710,
Thornwood, NY) or using flow cytometry. The images from confocal microscopy were
analyzed using ImageJ software and the data from flow cytometry was analyzed using

FlowJo software (Tree Star, Stanford).

Size distribution and surface morphology analysis

The PLGA microparticles were suspended in nuclease-free deionized water and
immediately dropped onto silicon wafers to be air-dried under the hood. Then the silicon
wafers were mounted on aluminum stubs using liquid colloid silver adhesives followed
by overnight drying at room temperature. The specimen stubs were coated with
approximately Snm of gold/palladium by ion beam evaporation before imaging. Size
distribution and surface morphology were observed using Scanning Electron Microscopy
(SEM, Hitachi S-4800) operated at 1.5kV accelerating voltage. The images were
analyzed with Image J software. Size and zeta potential measurements were conducted
using the Zetasizer Nano ZS (Malvern, Southborough, MA). The size measurements
were performed at 25°C at a 173° scattering angle. The mean hydrodynamic diameter

was determined by cumulative analysis.

In vitro release profile of siRNA from PLGA microparticles

The PLGA microparticles (50mg) were suspended in 1.2ml PBS and incubated at
37°C on a plate shaker. At various time points, the samples were centrifuged at 5000
rpm for 10 minutes and 1ml of supernatant was collected for evaluation. Fresh 1ml PBS
was added in to resuspend the particles and resume incubation. The amount of released
siRNA was calculated as a ratio (%) of the released siRNA to the total amount of

encapsulated siRNA.
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Intracellular tracking

HEK?293 cells were plated on 0.01% (w/v) poly L-lysine coated 8-well chamber
slides (Lab-Tak) at 1 x 10* cells/well concentration and incubated overnight. Lysosomal
staining was carried out as described in Chapter 3. Then the cells were transfected with
the Cy3 siRNA-loaded PLGA microparticles in fresh opti-MEM. After 24 hours
incubation, the cells were washed with PBS and fixed with 4% paraformaldehyde. The
following procedure was carried out as described in Chapter 3 before the samples were
visualized under confocal microscope (Zeiss LSM 710). The image was then analyzed

using Imagel software.

Construction of EGFP-expressing HEK293 cell line

EGFP stably expressing HEK293 cell line was constructed to evaluate
endogenous gene knockdown. This system could offer a more practical in vitro model
for RNAI applications than a transient gene knockdown. HEK293 cells were transfected
with pEGFP-C1 (Clontech, Figure 5-2). pEGFP-C1 (4.7kb) vector encodes a enhanced
green fluorescent protein (EGFP) gene and neomycin resistance cassette. This vector
expresses EGFP protein that can simplify detection of protein expression using
fluorescent microscope or spectrophotometer. Neomycin resistance gene allows stably
transfected eukaryotic cells to be selected using G-418 sulfate (Geneticin, Gibco), an
analog of neomycin sulfate. The cells can be maintained in growth media containing G-
418 sulfate. The following day of transfection, the transfection media was replaced with
the growth media containing G-418 sulfate. The concentration of G-418 sulfate was
gradually increased to 500 pg/ml. The cells were maintained for 2 weeks in G-418
sulfate media that was replaced every 2 days. Over time this process selected for cells
that have stably incorporated the EGFP plasmid into their genomic DNA. After 2 weeks

of selection, EGFP expressing fluorescent cells were sorted using fluorescence activated
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cell sorting (FACS). The sorted population of EGFP-HEK293 cells was maintained and

used for in vitro endogenous gene knockdown study. (Figure 5-3)

Evaluating in vitro gene knockdown efficiency

EGFP-HEK293 cells were seeded onto 96-well plate (1.5 x 10" cells/well) for
endogenous gene knockdown on day 0. Then 0.1mg of the microparticles loaded with
NCI (negative control) and EGFP siRNAs were added in opti-MEM media on day 1.
0.1mg particles contain approximately 10ng of siRNA, which was equivalent to 100nM
siRNA transfection with polymer nanoplexes used in previous chapters. Every 24 hours,
EGFP expression was measured at excitation maximum of 488nm and emission
maximum of 525nm with SpectraMax® M35 multi-mode microplate reader (Molecular

Devices, CA). Experiments were repeated at least three times.

Cytotoxicity evaluation

Cytotoxicity was determined using the MTS assay (CellTiter 96® AQ,cous One
Solution Cell Proliferation Assay, Promega, Madison, WI). In brief, the HEK293 cells
were seeded in 96-well plates (5 x 10° cells/well) and incubated overnight. The
microparticle containing DMEM media were prepared at 0.25mg/ml concentrations and
added to cells for incubation. The following procedures were carried out as described in

Chapter 3. Experiments were repeated at least three times.

Evaluating in vivo gene knockdown efficiency in mouse

model

To evaluate in vivo gene knockdown efficiency, the PLGA microparticles loaded
with siNC1 (negative control) and siGAPDH (Glyceraldehyde-3-phosphate
dehydrogenase) were prepared using double emulsion, solvent evaporation technique.
One exception is that the second emulsion was formulated by sonication as opposed to

homogenization to increase encapsulation efficiency and cumulative release profile.
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C57/Black6 mice (6-8 weeks old) were purchased from the National Cancer Institute
(Bethesda, MD) and were maintained in filtered cages before experiment. The PLGA
microparticles containing a dose of 3mg siRNA/kg mouse and 2.78mg PEI/kg mouse
were dissolved in PBS and injected via intraperitoneal route. After three days, the mice
were sacrificed and five organs were removed: liver, lung, kidney, heart, and spleen. The
organs were immediately submerged in RNAlater® (Ambion) solution and stored at 4°C
for more than 24 hours to stabilize and protect RNA. The RNAlater solution was
drained, and the organs were frozen for storage until processed. The injection groups are
described in Table 5-2. Each experimental group consisted of 5 mice. All animal
experiments were conducted in accordance with the procedures outlined in the University
of Jowa’s Guidelines for Care and Use of Experimental Animals.

Total RNA was extracted from tissues using Qiazol (Qiagen) according to the
manufacturer’s protocol. Then contaminating DNA was removed from the total RNA
samples using Turbo DNase-free™ kit (Ambion). The RNA samples were analyzed for
the quality and quantity using Experion™ electrophoresis system (Bio-Rad). To
determine the concentration of the samples, a standard RNA of a known concentration
was run in the electrophoresis along with the samples. From the DNased RNA, cDNA
was synthesized and real-time PCR was carried out. Total RNA of 150ng was used for
reverse transcription using Superscript Il reverse transcriptase (Invitrogen, San Diego,
CA). cDNA equivalent to 10ng total RNA was analyzed by real-time PCR in triplicate
using Immolase polymerase (Bioline, Randolph, MA) on AB7900HT (Applied
Biosystems). The data was reported as mean + standard deviation from triplicate RT-
PCR reactions of each sample using Microsoft Excel and Prism software (GraphPad

Software, San Diego, CA).

www.manaraa.com



95

Liver toxicity evaluations by AST and ALT serum

concentrations

To test hepatotoxicity of the PLGA microparticle formulations, liver function
analysis for aspartate aminotransferase '® and alanine aminotransferase (ALT) was
carried out. The mice were bled from submandibular area on the next day of the PLGA
microparticles injection to harvest serum. The collected blood was incubated for 2 hours
at room temperature then centrifuged at 4°C, 3000 x g for 10 minutes. The serum was
harvested by transferring supernatant and stored at -80°C until analyzed. Liver toxicity
markers, AST and ALT, were evaluated in plasma samples by Animal Fluid Analysis

Core (AFAC) service at the University of lowa Hospitals and Clinics.

Statistical analysis

Group data are reported as mean + standard deviation. Statistical analysis was
carried out using one-way ANOVA followed by Tukey’s multiple comparison test.
Prism software (GraphPad Software, San Diego, CA) was used to perform statistical

analyses. P <0.05 was considered as statistically significant difference.

Results

Incorporating modified PEIs enhances EE of siRNA into

PLGA microparticles

PLGA microparticles without PEI showed 63.24% encapsulation of naked siRNA
and the ones loaded with unmodified PEI/siRNA nanoplexes showed 61.72%
encapsulation efficiencies. (Table 5-1) On the other hand, incorporating modified PEIs
significantly improved the encapsulation efficiencies of microparticles. PLGA(Man-PEI-
PEG/siRNA) and PLGA(PEI-PEG-Man/siRNA) showed 87.48 and 84.32% of siRNA

entrapment, respectively.

www.manaraa.com



96

With the purpose of visualizing siRNA entrapment in the PLGA microparticles
and of examining the siRNA loaded population, fluorescently labeled Cy3 siRNA was
employed in confocal microscopy and flow cytometry analyses. (Figure 5-4) The same
phenomenon was observed as reported above. The PLGA microparticles with the
unmodified PEI/siRNA nanoplexes showed 65.41% encapsulation efficiency of Cy3-
labeled siRNA (Figure 5-4B and E) compared to the PLGA microparticles without Cy3
siRNA (4%). (Figure 5-4A) The PLGA particles with the modified PEI showed
significantly improved encapsulation efficiencies. The PLGA microparticles loaded with
mannose-PEI-PEG/Cy3 siRNA nanoplexes displayed 78.98% (Figure 5-4C and F) and
the PLGA particles loaded with PEI-PEG-Man/Cy3 siRNA nanoplexes showed 74.46%

encapsulation efficiencies of siRNA. (Figure 5-4D and G)

PLGA microparticles have smooth surface and sufficient

size for cellular uptake

Figure 5-5 shows the surface morphology and size of the PLGA microparticles
taken from Scanning Electron Microscopy (SEM). Blank microparticles showed smooth
surface features with no porosity. The PLGA microparticles with PEI or siRNA alone
displayed a little porosity on the surface. Incorporating PEI/siRNA nanoplexes increased
the porosity of the microparticles, however this increase was not significantly. Change in
porosity can affect release profile of siRNA from the microparticles. Particle size is an
important factor in regards to cellular uptake of the particle. All the formulations showed
particles smaller than 6um. Incorporating the various PEI polymers did not alter the
particle size. This result corresponds to the zeta-sizer analysis of the particle size
displaying an average hydrodynamic diameter from 1um to Sum. The particles had zeta

potentials ranging from -26mV to -40mV.
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Sustained release profile is improved by incorporating

modified PE]
In vitro release profiles of the modified PEIs/siRNA nanoplexes-loaded PLGA

microparticles is given in Figure 5-6. The microparticles exhibited an initial burst release
from day 1 to 7 followed by a sustained release with secondary release from day 18 to 24.
The PLGA particles loaded with siRNA alone showed relatively low initial burst of 28%
at day 7 compared to the particles encapsulating PEI/siRNA nanoplexes. Then the
particles loaded with naked siRNA released increasing amount of siRNA afterwards.

The microparticles loaded with unmodified PEI/siRNA nanoplexes showed higher initial
burst of siRNA when compared to the other microparticles exhibiting 33% cumulative
release at day 7. Then the PEI/siRNA nanoplexes-loaded microparticles maintained the
higher release for the duration of the experiment. The particles encapsulating mannose-
PEI-PEG/siRNA nanoplexes displayed decreased initial burst of 30% followed by lower
secondary release relative to the PLGA microparticles loaded with PEI/siRNA
nanoplexes. PEI-PEG-mannose/siRNA nanoplexes significantly reduced the initial burst
of the PLGA microparticles loaded with PEI/siRNA nanoplexes releasing 26% of
encapsulated siRNA. They also reduced secondary release of siRNA. This low release
profile of the PLGA particles loaded with PEI-PEG-mannose/siRNA nanoplexes was
different from the PLGA particles loaded with naked siRNA or PEI/siRNA nanoplexes

with statistical significance (p < 0.05).

PLGA microparticles are endocytosed at 24 hours post-

transfection

In order to track the cellular uptake and intracellular distribution of the

microparticles, fluorescence labeled Cy3 siRNA and staining of intracellular organelles
were utilized. Nuclei and lysosomes were labeled with blue and green fluorophores,

respectively. At 24 hours post-transfection, the PLGA particles loaded with
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polymers/siRNA nanoplexes (shown in red) were successfully internalized in the
HEK?293 cells. (Figure 5-7) The particles were taken up by the cells and localized near
vesicular structures as seen by yellow fluorescence due to the overlapping of the green
staining of lysosome and the red siRNA signal in close proximity. The PEI/siRNA
nanoplexes loaded PLGA particles were found in the cytosol and colocalized with
lysosomic vesicles. (Figure 5-7A) The particles entrapping Mannose-PEI-PEG/siRNA
nanoplexes were also endocytosed and located near lysosomes. (Figure 5-7B) The PLGA
particles loaded with PEI-PEG-mannose/siRNA nanoplexes exhibited the highest cellular
uptake capacity showing abundant yellow signals in a large group of cells. (Figures 5-7C)
Particles were also found in the cytosol that were escaped from the lysosomes and located

close to nucleus suggesting the potential of initiating RNA..

Incorporating modified PEI do not enhance in vitro gene

knockdown efficiency

The in vitro delivery efficacy of PLGA microparticles loaded with modified
PEI/siRNA nanoplexes were evaluated using EGFP-HEK?293 cells. Endogenous gene
knockdown was carried out using EGFP siRNA transfection. The relative gene
expression level of various particles transfected cells were normalized to that of blank
PLGA transfected cells set as a 100%. The PLGA particles loaded with siEGFP reduced
gene expression of EGFP to 84.14% on day 1, 80.89% on day 2 and 74.03% on day 3.
(Figure 5-8) The PLGA microparticles entrapping PEI/siEGFP nanoplexes showed low
gene knockdown effeciency showing 103.48%, 111.03% and 97.63% on day 1, 2 and 3,
respectively. The PLGA particles loaded with mannose-PEI-PEG/siEGFP nanoplexes
had minimal gene knockdown effect resulting in 111.21%, 105.88% and 98.05% relative
EGFP expression. The PLGA microparticles loaded with PEI-PEG-Man/siRNA
nanoplexes showed similar knockdown efficiency as the particles loaded with

PEI/siEGFP nanoplexes showing 88.45%, 84.44% and 84.09% remaining gene
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expression. While the PLGA particles loaded with PEI/siEGFP and PEI-PEG-
Man/siEGFP nanoplexes showed some inhibition of EGFP gene expression, there was no
significant differences. The overall gene knockdown efficiency was insufficient to
evaluate gene delivery capacity of the polymer/siRNA nanoplexes-loaded PLGA

microparticles.

PLGA microparticles display very low in vitro cytotoxicity

To assess the toxicity profile of the microparticles, the MTS cell proliferation
assays were carried out. (Figure 5-9) All the microparticles showed minimal cytotoxicity
compared to the no treatment group at the concentration of 0.25mg/ml. Cells treated with
blank PLGA particles had 99.64% cell viability. The PLGA particles loaded with PEI
and naked siRNA resulted in 102.57% and 97.49% cell viability, respectively. Cells
treate with the PLGA microparticles loaded with Man-PEI-PEG/siRNA nanoplexes
showed reduced toxicity of 99.86% cell proliferation. The PEI-PEG-Man/siRNA
nanoplexes loaded PLGA microparticles were more toxic than other particles resulting in
89.68% relative cell survival. No significant cytotoxicities were found in any of the

treating groups.

Incorporating modified PEI do not improve in vivo gene

knockdown efficiency in mouse model

The total RNA samples were evaluated for integrity and quantity using gel
electrophoresis. (Figure 5-10) The ratios of 28S to 18S ribosomal RNA (rRNA) peaks
were in the range of 1 to 2. After the integrity and quantity of the RNA samples were
analyzed, the in vivo gene knockdown efficiency generated by the PLGA particles
encapsulating the modified PEI/siRNA nanoplexes were assessed in the mouse model.
Selective gene knockdown of GAPDH was carried out using the PLGA microparticles
formulated with the PEI polymers and GAPDH siRNA. GAPDH gene expression levels

in siGAPDH-treated mouse organs were normalized to that in siNC1-treated mouse
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organs. (Figure 5-11) Naked siGAPDH injected mouse organs resulted in 85%, 100.2%,
92%, 100.6%, and 93.8% relative gene expression in spleen, kidney, liver, lung, and
heart, respectively. PEI/siGAPDH nanoplexes resulted in no significant gene knockdown
efficiency in mice organs, showing 96.4%, 142.6%, 131.6%, 108%, and 144.4% of
GAPDH mRNA expression in spleen, kidney, liver, lung, and heart, respectively. PEI-
PEG-mannose improved siRNA delivery relative to PEI with 84.6%, 89.4%, 87.4%,
93.2% and 92.8% of relative gene expression in spleen, kidney, liver, lung, and heart,
respectively. The PLGA microparticles loaded with siGAPDH decreased gene activity in
the spleen to 67.8% but did not have significant effect in kidney, liver, lung, and heart
showing 111.4%, 100.2%, 90.4%, and 123%, respectively. The PLGA particles
encapsulating PEI/siGAPDH significantly reduced the gene expression of GAPDH on
heart to 65.4%. GAPDH mRNA expression of other organs were not significantly
affected by the treatment of the PLGA particles loaded with PEI/siGAPDH nanoplexes
displaying 129.6%, 97.8%, 87.6%, and 93.6% in spleen, kidney, liver, and lung,
respectively. The PLGA microparticles encapsulating PEI-PEG-mannose/siGAPDH
nanoplexes showed 96.8%, 108%, 121%, 131.6%, and 141.33% of GAPDH gene

expression in spleen, kidney, liver, lung, and heart, respectively.

PLGA microparticles display no significant hepatotoxicites

To test the hepatotoxicity of the PLGA microparticles in mouse model, serum
aspartate aminotransferase '* and alanine aminotransferase (ALT) levels were analyzed.
(Figure 5-12) No significant increase of AST and ALT levels were observed after the
injection of the nanoplexes or the PLGA microparticles. AST levels of the PBS and
naked siGAPDH injected mouse group were 64.2 and 50.8 U/L, respectively. (Figure 5-
12A) Mice injected with PEI/siGAPDH and PEI-PEG-mannose/siGAPDH nanoplexes
produced 71.2 and 70.6 U/L of AST levels. Mice treated with the PLGA microparticles
loaded with siGAPDH alone showed 50.6 U/L of average AST level. Serum AST levels
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in mice injected with the PLGA microparticles encapsulating PEI/siGAPDH and PEI-
PEG-mannose/siGAPDH nanoplexes were 57.4 and 59.8 U/L, respectively. Mouse
groups treated with PBS and naked siGAPDH, plasma ALT levels were 57.8 and 48.2
U/L, respectively. (Figure 5-12B) Mice injected with PEI/siGAPDH and PEI-PEG-
mannose/siGAPDH nanoplexes resulted in 63 and 54.4 U/L of serum ALT levels. Mice
treated with the PLGA microparticles encapsulating naked siGAPDH produced 31 U/L of
average serum ALT level. Plasma ALT levels in mouse groups injected with the PLGA
microparticles loaded with PEI/siGAPDH and PEI-PEG-mannose/siGAPDH nanoplexes

were 41 and 28.6 U/L, respectively.

Discussion

In the previous chapters, we have developed pegylated mannosylated chitosan and
PEI to improve delivery efficacy of siRNA. The modified cationic polymers, especially
the modified PEIs, demonstrated potential as an efficient siRNA delivery system.
Pegylation and mannosylation used in combination imcreased cellular uptake and
reduced toxicity of PEIL. In regards to the location of mannose ligand in the construct,
PEI-PEG-mannose displayed higher cellular uptake and gene silencing efficiency than
mannose-PEI-PEG. However, the toxicity of PEI limits clinical application of this
system. PLGA was utilized to further reduce the toxicity and provide sustained release of
the PEI/siRNA nanoplexes for in vivo and clinical applications. Previous studies have
shown the potential of PLGA particles for in vivo gene delivery applications.””’>%
PLGA nanoparticles escape the lysosomes by selective reversal of the surface charge of
the particles, from anionic to cationic, in the acidic lysosomal compartment. This process
allows the particles to interact with the endo-lysosomal membrane and escape into the

cytosol. PLGA nanoparticles deliver macromolecules such as DNA and low molecular

weight drugs intracellularly at a slow rate resulting in a sustained therapeutic effect.*'
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The modified PEI significantly improved siRNA encapsulation efficiencies in the
PLGA microparticles relative to unmodified PEI and siRNA alone. It is the result of
modified PEI compacting siRNA tightly by electrostatic interaction and enhancing
siRNA loading into the PLGA particles.”!' The improved encapsulation efficiencies of
the PLGA microparticles loaded with modified PEI/siRNA nanoplexes were confirmed
using confocal microscopy and flow cytometry analysis. The number of the fluorescent
siRNA loaded particles was significantly higher in the PLGA particles loaded with the
modified PEI/siRNA nanoplexes relative to the PEI/siRNA nanoplexes and siRNA only.

The particles encapsulating modified PEI/siRNA nanoplexes showed surface
porosity in SEM images. Smooth surface features and spherical shape as observed with
blank PLGA particles are common characteristics of PLGA particles.'*”*'> PLGA
formed porous particles when PEI/oligonucleotide complexes were encapsulated.”’® Tt
has been reported that a high osmotic pressure inside microparticles could increase
particle size and surface porosity.>'**"> In the double emulsion-solvent evaporation
method, the inclusion of cationic polymer such as PEI causes high osmotic pressure
within the internal aqueous phase increasing an influx of water.”'“*'" Increased water
evaporates during lyophilization, which leaves an increased surface porosity.

Release of encapsulated hydrophilic molecules from PLGA microparticles
generally shows a biphasic profile: an initial burst release followed by a sustained release
due to the gradual degradation of polymer.?'® The modified PEI/siRNA nanoplexes were
release from the PLGA microparticles exhibiting lower initial burst and lower subsequent
controlled release relative to the PEI/siRNA nanoplexes and siRNA alone. This
secondary sustained release lasted for over one month. The PLGA microparticles
encapsulating PEI-PEG-mannose/siRNA nanoplexes showed the lowest initial burst and
the lowest secondary release when compared to the PLGA microparticles loaded with
siRNA alone, PEI/siRNA nanoplexes, and mannose-PEI-PEG/siRNA nanoplexes. Since

the PLGA microparticles loaded with the modified PEI/siRNA nanoplexes had more
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surface porosity than the PLGA microparticles loaded with naked siRNA, we expected it
to have higher initial burst and increased overall release. However, the lower initial burst
can be attributed to higher encapsulation efficiency of the modified PEI/siRNA
nanoplexes-loaded PLGA microparticles. The PLGA microparticles loaded with
PEI/siRNA nanoplexes exhibited similar release profile to the PLGA microparticles
encapsulating siRNA only.

In our cellular uptake studies, the PLGA microparticles with the incorporation of
the modified PEI/siRNA nanoplexes had higher cellular uptake of siRNA into the cells.
The higher cellular uptake could be a result of the mild net cationic charge of the PLGA-
PEI microparticles.”’”*** The net positive charge could facilitate stronger interaction
with cell membrane and more nanoparticles to escape from lysosomes. Cy3 labeled
siRNA signals were found in the cytosol separated from the lysotracker stained
lysosomes, suggesting the siRNAs were released from the lysosomes. The PLGA
microparticles loaded with PEI-PEG-Man/siRNA nanoplexes significantly increased
cellular uptake relative to the PLGA microparticles loaded with PEI/siRNA and Man-
PEI-PEG/siRNA nanoplexes. This was observed as abundant yellow signals distributed
in a large group of cells. Similar result has been observed with cellular uptake of PEI-
PEG-mannose/siRNA nanoplexes in Chapter 4. Mannose ligands when conjugated at the
tip of PEG chains displayed significantly higher cellular uptake when compared to
mannose and PEG conjugated directly to the backbone. Mannose ligand exposed at the
surface of nanoplexes could readily cause the specific ligand-receptor interaction
improving transfection efficiency. Even though mannose receptor is not as abundantly
expressed on the extracellular surface of HEK293 cells as that of RAW264.7 cells, they
still provide sufficient ligand-receptor interactions to improve the particle uptake. The
PLGA particles loaded with the modified PEI/siRNA nanoplexes successfully protected

siRNA during cellular uptake and found in the lysosomes.
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Endogenous mRNA knockdown efficiency was analyzed using EGFP-HEK?293
cells. It is significant to silencing endogenous gene expression in RNAi applications
relative to silencing a transiently transfected gene expression. It provides us with
potential for clinical applications such as genetic disorders. The PLGA microparticles
did not have significant impact on gene knockdown efficacy from day 1 to day 3. The
PLGA microparticles loaded with siEGFP alone and PEI-PEG-Man/siRNA nanoplexes
reduced gene expression with no significant differences. Because the PLGA
microparticles have sustained release profile, it could take longer than a few days for the
particles to release siRNA for target gene silencing. Moreover, it is difficult to control
cell proliferation for more than 4 days. The cells exhibited uncontainable growth after
day 4 and died from overpopulation. We tried to maintain the cell population using
serum-deprived media (2% serum containing growth media) instead of normal 10%
growth media. The challenges with evaluating long-term response of the PLGA
microparticles are beyond 3 to 4 days when cell proliferation reaches the maximum
capacity. Therefore, the gene knockdown efficiencies of PLGA microparticles are best
evaluated in vivo.

21 MTS cell proliferation assay showed

PEI is known for its inherent toxicity.
minimal toxicity of all the formulations at the concentration of 0.25mg/ml. The
cytotoxicity of blank PLGA particles marginally increased proportional to the
concentrations with no significance. The PLGA microparticles loaded with PEI alone,
siRNA alone, and modified PEI/siRNA nanoplexes showed similar toxicities. In
addition, encapsulating the modified PEIs into the PLGA particles significantly reduced
the cytotoxicity profile of PEI. When tested at equivalent concentration, PEI displayed
37.5% cell viability in Chapter 4, whereas PEI/siRNA nanoplexes encapsulated into the
PLGA microparticles resulted in 102.57% cell viability. PEI-PEG-mannose and
mannose-PEI-PEG showed 53.9 % and 68.9% cell survival in Chapter 4. Incorporating

the PLGA microparticles reduced the toxicity of the corresponding modified PEIs
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displaying 99.86% and 89.68% cell viability, respectively. From this comparison, we can
conclude that incorporation of the PLGA microparticles to PEI significantly reduced the
cytotoxicity of PEIL

Assessing the integrity of an RNA sample is an important aspect of gene
expression analysis. When comparing two or more samples, it is important that the
samples are of similar integrity. Varying degrees of degradation could introduce
inconsistencies in downstream results. RNA samples of good integrity shows two
distinct peaks of 28S and 18S rRNA, which have a ratio of 2:1. Degradation of RNA can
be identified by several characteristics. These include smeared rRNA bands on the gel,
less pronounced peaks of rRNAs, and significantly smaller ratio of 28S to 18S peaks than
2. The total RNA samples from the mouse organs showed good quality and quantity.
The ratios of 28S to 18S were in between 1-2, which is sufficient to run subsequent
experiments.

To study further the effect of encapsulating the modified PEI/siRNA nanoplexes
into the PLGA microparticles, we carried out an in vivo gene knockdown experiment in
mouse model. First, GAPDH (Glyceraldehyde-3-phosphate dehydrogenase) was selected
as a target mRNA to knockdown expression. GAPDH is one of the most commonly used
housekeeping genes in gene expression studies. Quantitative gene expression data such
as qPCR are normalized to the expression levels of housekeeping genes serving as a
control.”” Tt is based on the assumption that the expression of housekeeping genes
remain constant in the cells or tissues. In this study we used the expression level of the
GAPDH housekeeping gene as a target for endogenous knockdown. PEI-PEG-mannose
improved the gene silencing efficiency of PEI in all the five organs particularly in kidney,
liver, and heart. This result was consistent with in vitro gene knockdown study in
Chapter 4, where PEI-PEG-mannose enhanced the luciferase gene silencing activity of
PEI. The PLGA microparticles loaded with PEI/siGAPDH nanoplexes exhibited

significant knockdown efficiency in the heart. The PLGA particles loaded with
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siGAPDH alone showed efficient gene knockdown in spleen. The microparticles did not
display significant gene silencing efficiency with the exception of the PLGA particles
loaded with PEI/siGAPDH nanoplexes in heart. There could be two possible
explanations for this observation. The first potential explanation is that the amount of
siRNA might be too small for intraperitoneal route of administration. The second
potential explanation is that the time point of the organ harvest might be too early for the
PLGA microparticles. An intratumoral injection of 14ug siVEGF encapsulated within
PLGA microspheres suppressed mouse tumor growth. Relative VEGF mRNA level in
tumor tissue was significantly reduced compared to that of the blank microspheres and
mock siRNA/PEI-microspheres.””* In a study by Murata et al., intratumoral injection of
14pg siRNA had tumor suppression on day 6. Intraperitoneal injection of 3mg/kg siRNA
might have been insufficient amount to detect notable RNA inhibition. We chose the
intraperitoneal route of administration instead of intravenous administration due to the
size of the PLGA microparticle. As discussed in the in vivo gene knockdown experiment
section of Chapter 2, the particles with the size of 10 to 1000nm are injectable for
intravenous injection. However, if the size of the particles is over 1um, the particles can
readily block capillaries and cause embolisms. Since the PLGA microparticle
formulations were 2-4um in size, the intraperitoneal injection was appropriate to avoid
adverse side effects such as potential capillary embolisms. To verify the feasibility of
intravenous injection with our PLGA microparticles, we injected the particles via lateral
tail vein. It was not feasible for the size of the needle guage and for the viscosity of the
microparticle solution. The solutions containing the PLGA microparticles loaded with
siGAPDH alone and PEI-PEG-mannose/siNC1 nanoplexes were not easily plunging
through the 28 guage needles, which is required for the intravenous route of
administration. The solutions containing the blank PLGA microparticles, PLGA particles
with PEI/siNC1, and PEI-PEG-mannose/siGAPDH were plunging through the 28 guage

needles. However, injecting these solutions was not feasible. It can be attributed to the

www.manaraa.com



107

viscosity of the microparticle solutions. From this result, we chose to inject the
microparticles through intravenous route of administration instead of intraperitoneal
route.

Since there was minimal siRNA silencing effect in these five organs, future study
could investigate to track the PLGA microparticles loaded with the modified PEI/siRNA
nanoplexes. Using fluorescently labeled siRNA would allow us to visualize the location
of siRNA with live animal imaging system. Focal site of inflammation would recruite
inflammatory immune cells including monocytes and dendritic cells, therefore it would
be potential focal site of siRNA endocytosed by macrophages. In addition, uptake of the
PLGA particles by intraperitoneal macrophages could be examined. Analyzing cell
population that engulfed the PLGA microparticles encapsulating the modified PEI/siRNA
nanoplexes could provide estimation of in vivo delivery and gene silencing efficiency.

PLGA particles have shown gene delivery efficiency as early as one day after
injection. PLGA microspheres encapsulating oligonucleotide (ODN) injected
subcutaneously in mice were eliminated within 24 hours and released ODN. Both
polymer and released free ODNs were found in the proximal convoluted tubules of the
kidney and in the Kupffer cell of the liver. It has been suggested that PLGA
microspheres could provide improved in vivo sustained delivery of gene silencing nucleic
acids.”” Our PLGA microparticles have strong initial burst that is characteristics of the
particles prepared with double-sonication method. Using sonication to form the
secondary emulsion efficiently broke the oil phase into small droplets allowing them to
disperse in the external aqueous phase. When the small droplets were added into an
external aqueous phase, it results in instant diffusion of the secondary emulsion and rapid
evaporation at the oil-water interface as a result of the larger surface area. The larger
surface area associated with the smaller particles leads to a higher release rate.

Nevertheless, the PLGA microparticles loaded with modified PEI/siRNA nanoplexes
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exhibited more sustained release than particles loaded with naked siRNA. Therefore,
three days might be too early to release sufficient amounts of siRNA to detect RNAI.
Since we included modified PEI, there is an issue of potential in vivo toxicity.
Toxic profile of PEI when used as an in vivo delivery vehicle for siRNA was also
investigated. In a study by Hobel et al., subcutaneous injection of PEI/siRNA complexes
at the dose of 4mg of PEI/kg mouse and 0.4mg siRNA/kg mouse caused sedation/visible
behavioral impairment (10%), weight loss (100%), and scurf formation (80%). But all of
the side effects were reversed after a few hours to a few days. When injected
intravenously at the same dose, there were no signs of toxicity. With the increased dose
of 12mg PEI/kg mouse and 1.2 mg siRNA/kg mouse, it led to reversible weight loss
(100%) and sedation (33%). There was no toxicity at the doses forementioned with
intraperitoneal injection, and only at the dose of 40mg PEI/kg mouse and 4mg siRNA/kg
mouse injection resulted in 50% acute side effect and 50% lethality.'®” Intravenous
injection of linear PEI 50pg complexed with DNA caused 23% lethality within 24 hours
of injection. Interestingly, the same dose of injection had worse effect on BalbC mice
resulting in 50% lethality. Swiss nude mice were the most resilient to PEI toxicity
showing only 4.76% lethality. All the mouse strains showed instant lethality when 85ug
of L-PEI/DNA complexes were injected.”** For these reasons, preliminary tests were
carried out with 3 mice prior to the in vivo knockdown experiment to assess toxicity of
PEI in our experimental setting. Each of the mice was injected PEI/siRNA nanoplexes
containing 1mg/kg, Smg/kg, or 10mg/kg of PEIL, respectively. They were monitored for
48 hours after injection to observe toxic side effects. The mouse that were given
10mg/kg of PEI/siRNA nanoplexes showed low motility as a sign of acute toxicity, but
they recovered to normal in 90 minutes. No other side effects were detected such as
weight loss, sedation, wound or scurf formation. Based on this preliminary result, we

decided that it was safe to inject 2.78mg/kg of PEI for the in vivo gene knockdown study.
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The PLGA microparticles did not increase the level of hepatotoxicity markers
such as AST and ALT relative to PBS, regardless of polymer/siRNA nanoplexes
encapsulation. No significant differences (p < 0.05) were found among the injection
groups. PLGA encapsulation of a drug, tamoxifen, significantly decreased the
hepatotoxicity of the drug in a murine breast cancer model.”*> ALT and AST are specific
biomarkers of hepatotoxicity.”® Their serum activity reflects damage to hepatocytes, and
they are considered to be highly sensitive. Damaged hepatocytes produces elevated
levels of ALT and AST into the circulation, therefore their levels in plasma are increased.
ALT is primarily localized in the liver tissue. Serum ALT level is the most common
indicator of hepatotoxic effects. Additional markers such as AST are analyzed in
conjunction with ALT to confirm toxicity. AST is localized in the heart, brain, skeletal
muscle and liver tissue. Damaged myocytes and hepatocytes release AST, which raises
the level of AST in plasma. The ratio of AST to ALT in serum distinguishes liver
damage from other organ damage. ALT levels are bigger than AST level in certain types
of chronic liver disease such as hepatitis, whereas AST level increases in muscle
necrosis. The AST to ALT ratio above 3:1 indicates muscle necrosis.”*’ All of the serum
samples displayed the AST to ALT ratios of 1 to 2 suggesting no significant toxicity to
either liver or muscle.

These findings can provide useful information in the future development of
siRNA delivery. Incorporating the PEI-PEG-mannose/siRNA nanoplexes significantly
improved encapsulation efficiencies of the PLGA microparticles and cellular uptake.
Encapsulating the PEI-PEG-mannose/siRNA nanoplexes with the PLGA microparticles
significantly reduced toxicity of PEI and provided sustained release profile of the siRNA.
The PLGA microparticles loaded with PEI-PEG-mannose/siRNA nanoplexes have

promising potential as a long-acting delivery system for siRNA.
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Table 5-1: The effect of modified PEI incorporation on the encapsulation efficiency
of the PLGA microparticles

PLGA Microparticles Encapsulation Efficiency %
PLGA(Cy3) 63.24+3.11
PLGA(PEI/Cy3) 61.72 £0.95
PLGA(Man-PEI-PEG/Cy3) 87.48 £0.82 *
PLGA(PEI-PEG-Man/Cy3) 84.32 £0.68 *

Note: * indicates statistical difference with significance of p<0.05 when compared to
PLGA(Cy3) and PLGA(PEI/Cy3).

Table 5-2: The mouse injection groups used to evaluate in vivo gene delivery
efficiency of the various PLGA microparticle formulations in comparison
to polymer/siRNA nanoplexes

Carrier siNC1 siGAPDH

1. PBS No siRNA
No polymer 2. Naked siNC1 3. Naked siGAPDH
PEI 4. PEI/siNC1 5. PEI/siGAPDH
PEI-PEG-Man 6. PEI-PEG-Man/siNCl1 7. PEI-PEG-Man/siGAPDH
PLGA 8. PLGA(siNC1) 9. PLGA(siGAPDH)
PLGA(PED) 10. PLGA(PEI/siNC1) 11. PLGA(PEI/siGAPDH)

PLGA(PEI-PEG-Man)

12. PLGA(PEI-PEG-Man/siNC1)

13. PLGA(PEI-PEG-Man/siGAPDH)

www.manaraa.com



111

Figure 5-1: Microparticle formulation techniqzlzle using double emulsion, solvent
evaporation method (Adapted from %)
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Figure 5-2: Map of pEGFP-C1 vector encoding enhanced green fluorescence protein
(EGFP) utilized for in vitro gene knockdown study. It is a 4.7kb plasmid
DNA encoding a green fluorescence protein (EGFP) gene and neomycin
resistance cassette (Neor). EGFP sequence facilitates easy detection of
protein using fluorescent microscope when expressed. Neomycin resistance
gene allows stably transfected eukaryotic cells to be selected using G-418
sulfate, an analog of neomycin sulfate.**’

www.manharaa.com




114

Ecod7 Il (597)
Agel (601)

BsrG | (1323)

MCS
(1330-1417)
Miu | (1642)
Dra lll (1872)
Stu |
(2577)

www.manharaa.com




115

Figure 5-3: EGFP stably expressing HEK293 cells constructed for in vitro gene
knockdown study. EGFP-HEK293 cells were visualized using fluorescent
microscope (Olympus CKX41). After sorted by flow cytometry, the EGFP-
HEK293 cells were maintained with normal growth media with G-418 sulfate.
A. Bright field image, B. GFP fluorescence field image.
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Figure 5-4: Confocal microscope images and flow cytometry analyses demonstrating
the effect of the modified PEI incorporation into the PLGA
microparticles on encapsulation efficiency of Cy3-labeled fluorescent
RNA. A.PLGA(Cy3 siRNA), B. PLGA(PEI/Cy3 siRNA), C. PLGA(Man-
PEI-PEG/Cy3 siRNA), D. PLGA(PEI-PEG-Man/Cy3 siRNA). Flow
cytometry analyses of the microparticles. PLGA(PEI) was shadowed and
used as standard in each diagram, E. PLGA(PEI/Cy3 siRNA), F.
PLGA(Man-PEI-PEG/Cy3 siRNA), G. PLGA(PEI-PEG-Man/Cy3 siRNA).
The experiments were repeated at least twice. The best representative images
are shown.
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Figure 5-5: Scanning Electron Microscopy (SEM) images demonstrating the effect
of the modified PEI incorporation on the size distribution and surface
morphology of the various PLGA microparticles. A. Blank PLGA
microparticles, B. PLGA(PEI) microparticles, C. PLGA(siRNA)
microparticles, D. PLGA(PEI/siRNA) microparticles, E. PLGA(Man-PEI-
PEG/siRNA) microparticles, F. PLGA(PEI-PEG-Man/siRNA) microparticles.
The experiments were repeated three times. The best representative images
are shown.
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Figure 5-6: The effect of the modified PEI incorporation on in vitro release profile of
siRNA from the polymer/siRNA nanoplexes-loaded PLGA microparticles
in PBS, pH 7.4. Data is represented as mean + standard deviation (n=3). (*;
p<0.05)
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Figure 5-7: Confocal microscope images demonstrating the effect of the modified
PEI incorporation on cellular uptake and intracellular localization of the
PLGA microparticles. HEK293 cells were stained with Lysotracker Green
(green), incubated with the microparticles loaded with Cy-3 labeled siRNA
(red), and then mounted with DAPI containing mounting solution after
fixation. Co-localization of nanoplexes and lysosomes are shown as a yellow
signal. A. PLGA(PEI/Cy3 siRNA), B. PLGA(Man-PEI-PEG/Cy3 siRNA),
C. PLGA(PEI-PEG-Man/Cy3 siRNA). The experiments were repeated at
least twice. The best representative images are shown.
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Figure 5-8: The effect of the modified PEI incorporation on in vitro gene knockdown
efficiency of the PLGA microparticles in EGFP-HEK293 cells. The cells
were transfected with the various PLGA formulations. EGFP gene expression
levels of the PLGA microparticles were normalized to that of blank PLGA
microparticles and represented as relative expression (%). The experiments
were repeated at least twice. Data is represented as mean + standard deviation
(n=3).
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Figure 5-9: The effect of the modified PEI incorporation on cytotoxicity of the
PLGA microparticles in HEK293 cells. Cytotoxicity of various PLGA
microparticles were tested at the concentration of 0.25mg/ml. From the left;
Bank PLGA, PLGA(PEI), PLGA(siRNA), PLGA(PEI/siRNA), PLGA(Man-
PEI-PEG/siRNA), PLGA(PEI-PEG-Man/siRNA), no treatment. The relative
cell viability was calculated by normalizing to the no-treatment group. The
experiments were repeated at least twice. Data is represented as mean +
standard deviation (n=3).
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Figure 5-10: Analyzing the quality and quantity of the total RNA from the mouse
organs administrated with the PLGA microparticles. A. gel
electrophoresis of the total RNA samples from mouse spleen, B. gel
electrophoresis of the total RNA samples from mouse lung, C. gel
electrophoresis of the total RNA samples from mouse liver, D. gel
electrophoresis of the total RNA samples from mouse kidney, E. gel
electrophoresis of the total RNA samples from mouse heart. The numbers
under the figures represent ‘the number of the injection group — the number of
mouse’. L represents ladder, and std represents standard RNA with a known
concentration.
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L 22123124 125 131132133 134135 2.5 std
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L 5-3 5-45-5 6-1 6-26-36-4 6-5 7-1 7-2 7-3 std

L 7-47-5 8-1 8-2 8-38-4 9-1 9-29-3 9-4 9-5 std

L 1-11-2 1-3 1-41-5 2-1 2-2 2-32-4 2-5 3-1 std

L 1041 102 103104 10-5 111112113 114 115 121 std

L 3-2 3-33-4 3-5 4-14-2 4-3 4-44-5 5-15-2 std

L 101 102 103104 105 11-111-211-3 114 11-5 121 std

L 12-212-312-412-513-113-2 13-3 13-4 13-5 std

L 5-3 5-45-5 6-1 6-26-3 6-4 6-5 7-1 7-2 7-3 std

L 12-212-3 124 12-513-113-213-3 13-4 13-5 std
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Figure 5-10 continued
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L 7-47-5 8-1 8-2 8-38-4 9-1 9-29-3 9-4 9-5 std L 10-1 102 103104 105 11-111-2113 114 11-5 12-1 std L 12-2 12-3 12-4 12-5 13-1 13-2 13-3 13-4 13-5 std

Note: The numbers under the figures represents the number of injection group — the
number of mouse. For example, 5-3 represents a sample from the third mouse from
injection group 5 (PEI/siGAPDH). Table 5-2 shows the information on injection groups.

www.manharaa.com




132

Figure 5-11: The effect of the modified PEI incorporation in PLGA microparticles
on in vivo gene knockdown efficiency in mouse model. Three days after the
injection of the various PLGA microparticle formulations (Table 5-2), five
organs (liver, lung, heart, spleen, and kidney) were harvested. Total RNA was
extracted from the organs and DNase treated. Its quality and quantity was
assessed. The gene expression levels of GAPDH were analyzed using real-
time PCR from each organ, normalized to that of NC1 injected groups. The
data was reported as mean =+ standard deviation from triplicate RT-PCR
reactions of each triplicate (n=5).
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Figure 5-12: The effect of the modified PEI incorporation in PLGA microparticles
on hepatotoxicity in mouse model. A. AST levels in plasma one day after
the injection, B. ALT levels in plasma one day after the injection. The data
was reported as mean =+ standard deviation (n=5).
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CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS

The goal of this research has been developing an efficient siRNA delivery system
using cationic polymers, PEG, mannose, and PLGA. These materials have been widely
used in drug and gene delivery research. Cationic polymers, chitosan and PEI, were used
to complex siRNA by electrostatic interactions, so that they condense and protect the
siRNA during delivery. * PEG were expected first, to increase serum half-life of a
carrier by steric shielding effect and second, to decrease toxicity of cationic
polymers.'*!"> '® Mannose ligand could promote receptor-mediated endocytosis by
ligand-receptor specific interaction, which results in an increased delivery efficacy.'”
PLGA is a biodegradable polymer that has been widely used in drug delivery due to its
controlled release property.”'” " A delivery system consisted of cationic polymers,
PEG, mannose, and PLGA has strong potential as an in vivo carrier of siRNA by
exploiting the advantages of each component. We synthesized two different constructs of
siRNA delivery system. The first construct has both mannose and PEG directly
connected to the cationic backbone. The second construct has PEG connected to the
backbone through one end and conjugated with mannose at the other end. Our goals are
to build an efficacious delivery system for siRNA and also to investigate the effect of the
location of the mannose in modified cationic polymer constructs.

We first synthesized a delivery system with chitosan as a cationic backbone and
evaluated the potential as a siRNA carrier. Modified chitosans complexed and condensed
siRNA successfully so that they retarded the migration of siRNA in the agarose gel
electrophoresis. The chitosan polymers had minimal cytotoxicity showing near 100%
cell viability at the high concentration of Img/ml. They formed nanoplexes small enough
to be endocytosed, which were uptaken by mouse macrophage cells at 2 hours post-
transfection. The second construct, chitosan-PEG-mannose, displayed enhanced siRNA

retardation ability and cellular uptake when compared to the first construct, mannose-
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chitosan-PEG. In the structure of chitosan-PEG-mannose, having mannose at the tip of
PEG chain could expose the ligand and expedite ligand-receptor interactions. This
resulted in an improved endocytosis of the nanoplexes. In contrast, PEG chains might
shield the mannose ligand in the mannose-chitosan-PEG structure. This could interfere
with ligand-receptor interactions. The modified chitosans did not significantly reduce
Renilla luciferase gene expression. It might be correlated to the low lysosomal escape of
siRNA. To induce RNAi, siRNA must escape from the lysosome to integrate with RISC.
If it is held inside the lysosome, there is less chance to join the RISC thereby less
induction of RNAi. Mannosylation and pegylation, alone or in combination, could not
overcome the inherent low delivery efficacy of chitosan. Further study using a different
cationic polymer would be recommended because both our modified chitosan and
unmodified chitosan showed no significant gene silencing effect. A cationic polymer that
has stronger siRNA condensation capacity could provide better protection to siRNA and
lead to a better gene knockdown efficiency.

PEI was chosen next as a cationic backbone polymer in place of chitosan. PEI
has proven gene delivery efficiency. We expected pegylation and mannosylation to
reduce the cytotoxicity profile of PEI. The PEI formulations formed nanoplexes with
siRNA strongly with or without modifications, so that the migration of siRNA was
completely retarded at lower N/P ratios. The modified PEIs formed nano-sized
complexes with siRNA. As a result, the modified PEI/siRNA nanoplexes were
efficiently uptaken by RAW264.7 cells. PEI-PEG-mannose significantly enhanced
siRNA delivery into the cells when compared to mannose-PEI-PEG. Furthermore,
siRNA was seperated from the lysosome and localized in the perinuclear region. It
suggested that siRNA escaped from the lysosome and joined the RISC to initiate RNAi
process. In real-time PCR analysis, the modified PEIs improved the siRNA delivery
efficiency of PEI resulting in lower mRNA expressions relative to unmodified PEI.

There was no significant difference between mannose-PEI-PEG and PEI-PEG-mannose.

www.manaraa.com



138

To further study the gene silencing effect of polymer/siRNA nanoplexes on protein
expression, dual-luciferase analysis was carried out. PEI-PEG-mannose demonstrated
higher siRNA delivery efficiency than mannose-PEI-PEG. Mannosylation and
pegylation significantly improved the cytotoxicity of PEI demonstrating increased cell
viabilities relative to unmodified PEI. PEI-PEG-mannose resulted in higher cellular
uptake and higher gene knockdown efficiency when compared to mannose-PEI-PEG.
Increasing concentration of polymers elevated the cytotoxicity of polymers. PEI-PEG-
mannose and mannose-PEI-PEG have great potential as an efficient siRNA delivery
system. Adding PLGA excipient to the delivery system can further improve the toxicity
profile of PEI and enhance in vivo gene knockdown efficiency of siRNA.

To further expand the delivery potential for in vivo applications, PLGA
microparticle was utilized to encapsulate the modified PEI/siRNA nanoplexes. The
PLGA microparticles can provide controlled release of the nanoplexes. We fabricated
the PLGA microparticles encapsulating unmodified and modified PEI/siRNA
nanoplexes. The modified PEI/siRNA nanoplexes marginally increased porosity of the
PLGA microparticles. The particles were formed with the 2-4pm size range. The
modified PEIs significantly improved the encapsuation efficiency of siRNA into the
microparticles. The PLGA microparticles loaded with PEI-PEG-mannose/siRNA and
mannose-PEI-PEG/siRNA nanoplexes displayed significantly lower initial burst and
overall sustained release profile when compared to the PLGA microparticles loaded with
siRNA only or unmodified PEI/siRNA nanoplexes. The PLGA microparticles
incorporated with PEI-PEG-mannose resulted in higher cellular uptake than the PLGA
particles loaded with PEI/siRNA or mannose-PEI-PEG/siRNA nanoplexes. The PLGA
microparticles encapsulating the modified PEI/siRNA nanoplexes exhibited very low
cytotoxicity at the high concentration of 1mg/ml. The PLGA particle formulations
loaded with siEGFP did not significantly reduce the gene expression. There are two

potential reasons why they did not show strong in vitro knockdown. First, the PLGA
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particles have sustained release characteristics that can be difficult to analyze in vitro.
Second, the cells are difficult to maintain for over 3 day period. In order to further
investigate in vivo gene knockdown efficiency of the PLGA microparticles, we utilized
the mouse model. The PLGA microparticles loaded with PEI/siGAPDH nanoplexes
showed significant knockdown in the heart. The PLGA microparticles encapsulating
siGAPDH showed efficient knockdown in the spleen. The PLGA microparticles
incorporating PEI-PEG-mannose/siGAPDH nanoplexes resulted in no significant gene
silencing. This result could be explained by the depot formation at the injection sight.
The microparticles loaded with PEI-PEG-mannose/siGAPDH nanoplexes were held
inside the depot at the injection site and could not efficiently deliver siRNA to the organs.
In summery, the PLGA microparticles encapsulating the modified PEI/siRNA nanoplexes
demonstrated low gene silencing effect. It can be explained by two potential reasons.
First, the amount of siRNA might be too small for intraperitoneal administration.

Second, the harvesting time might be too early to detect siRNA knockdown considering
the sustained release property of the PLGA microparticles. Intraperitoneal route of
administration requires higher dose of siRNA than other administration routes.
Optimization of siRNA dose, particle size, administration route, and time point of
harvesting organs may aid in development of siRNA delivery system for in vivo gene
knockdown applications. The PLGA microparticles did not increase the level of
hepatotoxicity markers such as AST and ALT relative to PBS, which is beneficial for in
vivo gene delivery. In this study, pegylated and mannosylated PEIs reduced cytotoxicity
of PEI without compromising delivery efficiency, improved loading of siRNA into
microparticles, and increased cellular uptake of the siRNA. These findings have potential

to lead to an improved long-acting efficacious siRNA delivery system.
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