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Abstract

A diverse range of viral and non-viral strategies has been developed more than a decade
for a gene delivery such as plasmid DNA (pDNA) and oligodeoxynucleotides (ODN).
Recently, the development has been extended to a newly discovered class of molecule,
small interfering RNA (siRNA). The use of cationic and biodegradable polymeric
particles has been widely utilised for delivery of these moieties. This study therefore,
aimed to develop and investigate cationic polymers mainly chitosan and
polyethylenimine (PEI) as well as their derivative particles; PLGA-PEI and -chitosan
nanoparticles as siRNA carriers. Additionally, TAT-peptide has also been investigated
as one of the delivery systems for siRNA.

Certain process and formulation parameters have been extensively studied with regards
of physical and biological properties of the above systems to obtain an optimal delivery
system. Physical properties particularly particle size, surface charge as well as particle
morphology have been found to be influenced by certain parameters such as
homogenisation or stirring rate, molecular weight and concentration of polymers as well
as other processes involved in obtaining final products (e.g. centrifugation, freeze-

drying).

In-vitro evaluations in cultured cells have revealed that the derivative PLGA-PEI
nanoparticles are capable of transfecting mammalian cells with siRNA better than the
parent compound, PEL In addition to that, chitosan nanoparticles simply prepared by
ionic gelation have been shown to be more competent as siRNA carriers compared to
other types of chitosan-based nanoparticles investigated in this study, either chitosan-
siRNA complexes or PLGA-chitosan nanoparticles. Although type and molecular
weight of chitosan are important in delineating characteristics of particle size and
surface charge (the two factors normally important in determining capability of
particulate systems to transfect cells), it appears that the type and molecular weight of
chitosan have not shown any obvious correlation with the level of the targeted gene
knockdown by siRNA. TAT-peptide siRNA complexes were shown to be capable of
successfully delivering siRNA into cells without the need of chemical conjugation and
the effect could be enhanced by the addition of calcium into the particle suspensions
before transfection.

Further investigations using chitosan nanoparticles prepared by ionic gelation, have
been used to deliver MAPK-14 siRNA in the macrophage cell line, J774A.1 have
shown that the system has the ability to transfect cells and subsequently allow the
delivered siRNA to knockdown the targeted endogenous gene, MAPK p38a with a
sustained effect and a relatively low cytotoxicity.

In conclusion, the ability of these polymers as a carrier for siRNA is highly dependent
on the method of preparation and their physicochemical characteristics of each of these
polymeric particles.
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1 Introduction

Antisense technology is a tool with significant potential for controlling cellular
processes and has been pursued for target validation as well as for a potential
therapeutic agent. The term antisense therapeutic encompasses several types of nucleic
acids that have the ability to modulate gene expression such as antisense
oligonucleotides (ODNs), ribozymes (RNA enzymes) and DNAzymes (DNA enzymes).
This type of approach could selectively silence any gene product before it is translated
where the targeted mRNA transcript hybridizes in a sequence manner to homologous
DNA, RNA or chemically altered nucleic acids, thereby inhibits their expression post-
transcriptionally (Shuey et al. 2002, Dean 2001).

The design and development of antisense oligodeoxynucleotides (ODNS5) for the
treatment of genetically based diseases has been extensively investigated for over a
decade. Several types of ODNs have also been undergoing clinical trial evaluations in
the treatment of malignant and infectious diseases such as chronic and acute
myelogenous leukemias as well as AIDS (Hudson et al. 1996, Agrawal and Akhtar
1995). However, its success as a therapeutic so far has been disappointing and has failed
to fulfil its initial promise. To date, there is only one approved product on the market, a
phosphorothioate ODN (Vitravene'™) that has been approved by the FDA for the

treatment of cytomegalovirus retinitis (Lebedeva ez al. 2000, Anderson et al. 1996).

1.1 RNA interfering (RNAI)

Recently, gene silencing by RNA interference (RNAi) technology has proven to
be an efficient and convenient tool for controlling gene expression in cultured
mammalian cells. RNAi works by blocking expression of specific proteins within the
cell at the mRNA level using short nucleic acid fragments (Beal 2005). Therefore, the
use of RNAI for inhibiting gene expression in animals could provide the basis for new
therapeutic strategies. RNAi was first reported in plants (Napoli ef al. 1990) and
initially considered as a bizarre phenomenon confined to some species as reviewed by
Cogoni and Macino (2000) which has been termed as Post-Transcriptional Gene
Silencing (PTGS). It was discovered serendipitously by Richard Jorgensen and
researchers at the University of Arizona in the late 1980s, during a search for transgenic

petunia flowers that were expected to be more purple in colour. However, the
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introduction of a gene encoding a pigment producing enzyme, chalcone synthase,

resulted in the flowers losing their colour or becoming white (Napoli et al. 1990).

Figure 1.1: Petunia flower exhibiting sense cosuppression (RNAi) pattern of

chalcone synthase silencing (courtesy of Beal 2005).

Over the past few years, the investigation of this phenomenon has then been
extended to bacterial and differentiated cultured mammalian cells and the term
interfering RNA (RNAi) was used to describe this phenomenon in animals. RNAi was
originally described in the nematode worm Caenorhabditis elegans. It is a naturally
occurring process that induces gene silencing, triggered by long double stranded RNA
(dsRNA) molecules complementary to mRNA sequences, that are introduced into cells
either experimentally or are derived from endogenous sources such as replicating
viruses and mobilisation of transposable genetic elements (transposon) (Leung and

Whittaker 2005, Tijsterman et al. 2002).
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1.1.1 Mechanism of RNAi actions

These long dsRNAs (replicating viruses, transposons) are processed by an
RNase III enzyme called Dicer into discrete short interfering RNA (siRNA), with two-
nucleotide 3’ overhang and 5’-phosphate termini (Bernstein et al. 2001). Subsequently,
this siRNA 1is presented to RNA-induced silencing complex (RISC) which contains a
helicase responsible for unwinding the duplex strands of siRNA and is capable of
recognising the target RNA complementary to the guide strand of the siRNA. Each
strand which is incorporated with RISC is then associated to the target specific mRNA,

resulting in mRNA cleavage.

Recent reports however, have revealed the involvement of small RNA in the
RNAIi pathway which is known as microRNA (miRNA) and it has been identified as
part of the RNAi machinery. miRNA is a class of small and non-coding RNAs encoded
in the genome (Van Rij and Andino 2006, Bartel 2004), composed of ~22 nucleotides
which was coincidentally discovered during genomic screening in C. elegans (Chalfie et
al. 1981). These naturally occurring miRNAs are synthesized in the nucleus as long
precursor forms, ranging from several hundreds to thousands of base pairs known as
primary precursor miRNA (pri-pre-miRNA). Subsequently, these primary miRNAs are
transcribed into pre-miRNAs (~70 nucleotides of stem-loop structures) by Drosha
(RNase III) which are then exported to the cytoplasm by the Exportin-5-Ran-GTP
complex. In the cytoplasm, miRNAs are processed by the Dicer to form mature
miRNAs. The mature miRNAs are loaded into a RISC complex which guides inhibition
of translation (Van Rij and Andino 2006). Therefore, it is clear that a crucial difference
between siRNA and miRNA is their mechanism of action. siRNA forms a perfect
duplex with the target mRNA, leading to the specific mRNA cleavage with the cleaved
mRNA degraded by cellular RNase. Contrary to siRNA, miRNA induces translational
arrest without destroying the target mRNA as its sequence usually contains one or
several mismatch nucleotides or insertions, leading to the formation of small bulges

following hybridisation with their complementary mRNA (Pekarik 2005).
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Figure 1.2: RNAi pathway (courtesy of Van Rij and Andino 2006, Van Rij and
Andino 2005).

In C elegans and D. melanogaster, specific regulation of genes can be achieved
by introducing long dsRNA through direct injection (Fire et al. 1998), feeding them
with bacteria expressing dsRNA (Timmons et al. 2001) or soaking in a solution of
dsRNA (Tabara et al. 1998). In mammalian cells however, a sequence-specific RNAI-
mediated gene silencing was difficult to demonstrate due to a non-specific shutdown of
protein production as reviewed by Schiffelers et al. 2004. The introduction of long
dsRNA (>30 nucleotides) in mammalian cells may activate dsSRNA-dependent protein
kinase (PKR) and 2°, 5’ oligoadenylate synthetase. This leads to the production of type
1 interferon which subsequently results in the generalized inhibition of translation and

the induction of apoptosis (reviewed in Schiffelers ef al. 2004, Sioud and Sorensen
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2003, Sen 2001). Therefore, the use of RNAi in mammalian cells was initially
hampered by these non specific responses until researchers discovered that these could
be circumvented by using short dsSRNA or siRNA as it has been shown to induce
sequence specific mRNA degradation which could bypasses the activation of non-

specific responses (Elbashir ez al. 2001).

1.1.2 Comparison of siRNA to RNase-H dependent antisense

siRNA shares more features with antisense oligodeoxynucleotides (ODN)
compared to plasmid DNA (pDNA) as they are short nucleic acids of only
approximately 20 bases. They both also induce post-transcrptional gene silencing by
targeting target mRNAs, leading to the cleavage of the target mRNA. Both of them are
capable of inducing the degradation of targeted mRNA, but this effect is mediated by
different cellular mechanisms; activation of RISC for siRNA and on the other hand,
activation of RNase-H or steric inhibition for ODNs. Duplex siRNA is also shown to be
more stable than single stranded antisense ODNs and a previous study by Bertrand et al.
(2002) has reported that siRNA is more stable in both cell extracts and inside cells than
the ODNs. Therefore, the effect triggered by siRNA delivered by Cytofectin GSV in
Hela-GFP cells is higher and last longer than ODN (Bertrand et al. 2002). siRNA also
requires less chemical modification to achieve a satisfactory half-life in cell medium
(Braasch ef al. 2003) and only a lower concentration of siRNA is required compared to
ODN to achieve an equivalent level of knockdown (Bertrand et al. 2002, Fire et al.
1998). Therefore, siRNA has often shown a better potency than ODN. Nevertheless, a
potential advantage of ODN is its ability to target pre-mRNA in the nucleus (Vickers et
al. 2003).

Due to the advantages of siRNA, it appears that this approach is more robust and
efficient in comparison to the antisense and ribozymes technologies. Moreover, siRNA
has gained such tremendous attentions as a promising new class of therapeutics due to
its ease of synthesis and cost-effective approach (Lee and Sinko 2006). In contrast,
ODNs have failed to be used as effective gene knockdown tools because of the
requirement of an extensive experimental testing just to find effective target sites within
the gene of interest (Behlke 2006). Finally, the RNAi strategy which is also based on
nucleic acid technology but activates a normal cellular process is believed to be more

acceptable by the public (Beal 2005) to be used as a therapeutic agent. Nevertheless,
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antisense ODN technology should be considered as an alternative, particularly in the
case of genes that are refractory to siRNA mediated degradation or when further
controls are required to definitively establish the role of a target (Cocks and Theriault
2004).

1.2 siRNA

The siRNA is a double stranded RNA (dsRNA) (Hutvagner and Zamore 2002)
of 21-25 nucleotides in length. The ability of siRNA to silence gene expression in
somatic mammals has provided many researchers a new strategy in the treatment of
genetic-based diseases (Sioud 2004) and it has also been widely used as an experimental
tool for the target validation of functional genes. Briefly, the administered siRNAs are
incorporated into a RNA-induced silencing complex (RISC) through the natural RNAi

pathway and consequently silence gene expression as described in the earlier section.

1.2.1 Therapeutics of siRNAs

Since researchers have discovered that chemically synthesized siRNA which is
exogenously introduced into mammalian cells could mediate the degradation of targeted
RNA with high specificity and efficiency, siRNA has been pursued as a potential
therapeutic agent in the treatment of a wide range of diseases where aberrant gene

expression is involved such as cancers and infectious diseases.
1.2.1.1 Cancer treatment

In the case of cancer, the potential targets for siRNA technology are oncogenic
and mutant tumour suppressing genes (Sioud 2004) as well as growth factors (Xie et al.
2006). For example, by targeting antiapoptotic BCL-2 genes and its related proteins that
regulate apoptosis and mediate the resistance of cancer to a wide spectrum of
chemotherapeutic drugs (Hannon, 2002), this results in the destruction of targeted
mutated pS3 but not the wild type products. The ability of siRNA to discriminate
between mutant and wild type alleles would therefore provide a more attractive
treatment option than conventional chemotherapy which lacks the selectivity to

distinguish tumour cells from the normal cells (Uprichard 2005).

Furthermore, overexpression of wide ranges of gene in cancers is an attractive

target for siRNA silencing like BCL-2 (chronic lymphocytic leukaemia/lymphoma) and
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ABCBI genes. The use of siRNA has been shown to enhance intracellular accumulation
of various chemotherapeutics agents and selectively restore chemosensitivity by
inhibiting ABCB1 or BCL-2 gene expression. Overexpression of ABCBI gene products
in many human tumors has also been reported to cause one form of multi-drug
resistance which leads to the reduction of the intracellular concentration of drugs (Sioud
2004, Tsuruo et al. 2003). Therefore, the combination of siRNA with other existing
chemotherapeutic drugs may become a promising therapy for cancer. In fact, siRNA has
been used as a complementary chemotherapy for the treatment in patients that develop
multi-drugs resistant due to an overexpression of the multi-drug transporter gene,
MDR1 and MDRI1 gene suppression by siRNA has been reported to re-sensitize cells to
the effect of chemotherapy (Uprichard 2005, Cioca et al. 2003, Zangemeister-Wittke
2003, Futami et al. 2002). Besides these, there are many more types of genes that have
been investigated as potential target genes in the treatment of cancers such as survivin
(regulator in mitosis), Stat3 (signal transduction protein), telomeric DNA (essential for

maintaining immortalized state of cells) and others.
1.2.1.2 Treatment of viral infection

In plants and insects, RNAI is well established as one of the host organism’s
defence mechanism against viruses; however the involvement of RNAi in mammalian
cells for the similar function is still under investigation. It has been argued that
mammals have evolved highly sophisticated and effective systems of innate and
adaptive immune responses to infections based on protein recognition and therefore,
they might not need the more ancient nucleic acid- based response (Van Rij and Andino

2006).

Nevertheless, several researchers have exploited RNAi technology for the
development of antiviral agents as the genome sequences of a range of pathogenic
viruses is now available (http://www.ncbi.nlm.nih.gov/genomes/VIRUSES/viruses.htm)
which make it possible to target a conserved region and limit the ability of virus to
create escape mutants (Ren et al. 2006). In addition, siRNA appears to be ideal to
combat infection by viruses as most of them are RNA viruses and unlike vaccines, its

efficacy is not related to the status of the host immune system (Lee and Sinko 2006).

Recently, synthetic siRNA or plasmid-driven expression of short hairpin RNA

(shRNA) has been found can inhibit viral infection of human cells by targeting viral
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genes that are vital for virus replication or production, as well as host genes that are
responsible for the virus entry as reviewed by Leung and Whittaker (2005). These
antiviral effects could be achieved by targeting the viral genome, for example, targeting
the HIV-1 major regulating genes such as rev, fat, nef and vif which could reduce HIV-
1 replication and virus production. Furthermore, inhibiting cellular genes that are
required for HIV-1 infection or entry into the cells such as the CD4 surface receptor and
chemokine receptors CCRS and CXCRA4, results in the decrease of expression of these
receptors and reduced HIV-1 infection. The RNAI approach has also been used in the
treatment of Hepatitis B infection (HBV), or as an adjuvant therapy to lamivudine
(antiviral agent based on nucleoside analogs) as it can reduce the levels of HBV viral

transcript and protein even in the absence of active viral replication (Ren et al. 2006).

It has been described that viruses could effectively develop resistance to
antiviral drugs. This could also happen to RNAi based approaches as a single mismatch
within the targeted region can result in the escape of viruses from the RNAi pathway,
for example by poliovirus (Van Rij and Andino 2006, Gitlin et al. 2005, Gitlin et al.
2002), HIV-1 (Van Rij and Andino 2006, Das et al. 2004, Boden et al. 2003) and
Hepatitis C virus (Van Rij and Andino 2006, Wilson et al. 2005). However, several
approaches can be applied to circumvent this problem; either by using siRNA pool
(combination of different siRNAs) or by targeting the untranslated regions (UTRs) of
RNA viruses which are essential for virus replication and sensitive to mutation as a

point mutation in this region might lead to loss of function (Van Rij and Andino 2006).

In contrast to viruses, the use of siRNA is not effective to directly inhibit
bacterial infection as they mainly replicate outside of host cells and in the absence of
cellular machinery (Leung and Whittaker 2005, Lieberman et al. 2003). However, it
was reported that siRNA could be used as a potential agent to reduce an adverse effect
induced by host immune responses and host genes involved in bacterial invasion, for
instance by reducing the expression of proinflammatory cytokines (Leung and
Whittaker 2005).

1.2.2 Stable induction of siRNA

In C. elegans, RNALI effects are stable, long lasting and even passed onto the
offspring (Leung and Whittaker 2005, Grishok and Mello 2002). In contrast, these

effects in mammalian cells are transient due to the lack of a particular enzyme, known
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as RNA-dependent RNA polymerase that is responsible for amplifying siRNA in C.
elegans (Leung and Whittaker 2005) which is also known as transitive RNA process.

In this process, fragments of the target mRNA can itself be processed to become
siRNAs and take part in the RNAi pathway (Cocks and Theriault 2004). Moreover, the
silencing activity of siRNA is transient due to the fact that the dilution of siRNA
throughout several cell divisions results in the reduction of its concentration below the
threshold of the active concentration (Leung and Whittaker 2005, Pekarik 2005).
Therefore, an approach to circumvent these problems is to deliver DNA or RNA
templates encoding siRNA sequences to cells that can be transcribed to express siRNA
(Chiu et al. 2004, Shi 2003). Such approaches however are highly relying on plasmid or
viral vectors (Sioud 2004) for delivery.

1.2.2.1 siRNA expressing plasmid

One of the strategies to synthesize short RNAs in-vitro is by introducing a
plasmid with the ability to make de-novo siRNAs inside the cell (Agrawal et al. 2003).
Several research groups have used a plasmid that encodes a promoter; either RNA
polymerase III (pol III), such as a small nuclear RNA U6, human RNase H1 (Agrawal
et al. 2003, Shuey 2002, Brummelkamp et al. 2002, Lee et al. 2002, Miyagishi and
Kazunari 2002) or polymerase II (pol II) (Sioud 2004, Xie et al. 2003, Brummelkamp et
al. 2002, Miyagishi and Kazunari 2002, Lee et al. 2002) to produce annealed siRNA of
separate sense and antisense strands from different promoters (Sioud 2004) or short
hairpin RNAs (shRNA) that are cleaved by Dicer through a RNAi pathway to produce
siRNA (Leung and Whittaker 2005). shRNA is a newly discovered compound,
composed of 19-29 base pair stems and 4-9 nucleotide loops thus mimicking the
structure of siRNA which induces similarly efficient RNAi (Lee and Roth 2003,
Paddison et al. 2002, McCaffrey et al. 2002). Generally, shRNA is produced in the
nucleus and exported into the cytoplasm through nuclear pores as a part of a complex
with exportin 5-Ran-GTP (Pekarik 2005, Lund er al. 2004, Yi et al. 2003). These
strategies allow for a longer period and stable expression as compared to exogenously
administered siRNAs because of their continual siRNA synthesis and due to the fact
that these strategies consist of an intracellular amplification step in which a large

amount of siRNA can be produced from each individual template (Uprichard 2005).
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Thus, the use of these constructs could obviate the need of repeated delivery of

synthetic siRNA when long term biological effects are desired (Sioud 2004).

Recently, Wooddell et al. (2005) reported that regardless of the promoter,
plasmid siRNA expression constructs were more effective than PCR constructs (linear
DNA fragments encoded siRNA expression cassettes) and the constructs that were
containing the H1 promoter were significantly less effective than those utilising the U6
promoter to transfect mice with siRNA. Examples of these plasmid-based vectors are
pSilencer 1.0 (Ambion) and pSuper (DNA engine) that are commercially available.
Although plasmid-based vectors are superior to chemically synthetic siRNA in
providing a longer silencing effect, but their usefulness has been limited by numerous

disadvantages such as low and variable transfection efficiency (Agrawal ef al. 2003).
1.2.2.2 Viral vectors

In addition to plasmid vectors, adenoviral and lentiviral-based vectors have also
been used to deliver si/shRNA successfully. Viral vectors show very high transfection
efficiency and stable expression of the constructs in a wide range of mammalian cells
including primary cells. Unlike retroviral vectors which infect actively dividing cells
during mitosis (Lewis et al. 1994, Mille et al. 1994), lentiviral and adenoviral vectors
can infect both dividing and non-dividing cells (Quantine et al. 1992, Li et al. 1993).
Adeno associated virus (AAV) vectors however have a lower toxicity than other viral
vectors because they are specifically integrated into the AAVS1 region of chromosome
19 (chromosome 19 of the human genome has been reported and has no important
encoded gene) which is unlikely to cause insertional mutagenesis. However, each type
of viral vector brings with it a unique set of risks and safety concerns (Uprichard 2005,
Tomanin and Scarpa 2004) as they are detected by the immune system and induce an

immune response directed against them (Bivas-Benita et al. 2005).

1.3  In-vitro delivery of siRNA

Introduction of unmodified and unassisted siRNA in cell culture normally
results in unsuccessful knockdown of the target gene, because mammalian cells appear
to lack the effective dsRNA-uptake machinery that is found in other species such as
Caenorhabditis elegans (Rozema and Lewis 2003). Furthermore, siRNA is a polyanion

and hydrophilic molecule which cannot freely cross the lipid bilayers of the cell
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membrane (Muratovska and Eccles 2004). Similar to other nucleic acids such as pDNA
and antisense ODN, siRNA appears to be transported onto the cells by some form of
endocytosis and is subsequently sequestered within endosomal/ lysosomal vesicles
where it may undergo degradation by nucleases (Gilmore et al. 2004, Hollins et al.
2004, Beale et al. 2003, Rozema and Lewis 2003). Both compartments of endosome
and lysosome have acidic interiors (pH 5-6.5) (reviewed in Murthy er al. 2003,
Mellman 1996) and lysosomes contain hydrolases including ribonuclease,
deoxyribonuclease, acid phosphatases, phosphodiesterase and pyrophosphatase (Hudson
et al. 1996) which together can result in the degradation of siRNA entering the
lysosomes. Consequently, the uptake of siRNA through endocytosis does not result in
the release of siRNA into the cytoplasm, and thus does not induce RNAi (Rozema and
Lewis 2003).

In addition, synthetic siRNA has been reported to localise to perinuclear regions
and not in the nucleus after transfection by liposomes, even after an extended period of
time (Keller 2005, Spagnaou et al. 2004, Chiu et al. 2004). In contrast, ODNs which are
introduced directly into the cytosol (bypassing the endocytic pathway) can migrate
rapidly into the nucleus (Hughes ef al. 2001, Leonetti ef al. 1991) which can be seen as

another site of ‘antisense’ activity besides cytoplasm (Hughes et al. 2001).

As discussed in the earlier section, siRNA can be introduced into mammalian
cells either as synthetic siRNA, or intracellularly expressed siRNA following
introduction of encoding genetic information by pDNA or viral siRNA (Gilmore et al.
2004). The difference is only that the pDNA or shRNA needs nuclear rather than
cytosolic delivery, as transcription of the encoded DNA construct occurs in the nucleus.
Although, a successful in-vivo delivery of siRNA is more difficult to achieve compared
to in-vitro delivery, due to the problems related to target selectivity and homeostasis
(Schiffelers et al. 2004) but, cellular membrane is still a major barrier for the siRNA to

be efficiently transported into the target site even for in-vitro delivery.

A number of strategies have been demonstrated to deliver siRNA into cells: by
incorporating siRNA into cations such as cationic liposomes or cationic polymers,
delivery by virus and distortion of cell membrane integrity by physical stimuli either
forcing the siRNA into the cells (gene gun, magnetofection) or lowering the cell
membrane barrier (electroporation, ultrasound) (Schiffelers et al. 2004, Niidome and

Huang 2002). However, the use of physical stimuli such as electroporation has been
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shown to potentially reduce cells viability to less than 60% although high cellular
uptake and activity could be achieved (McManus et al. 2002). In addition, transfection
of mammalian cells with siRNA has been shown to be dependent on cellular
characteristics like cell type, confluency and passage number. Moreover, in the case of
cationic vectors as a delivery system, their compatibility in the growth medium, toxic
effect to the cells and physical characteristics of the cationic particle (e.g. particle size
and the strength of electrostatic interaction between siRNA and cationic entity) also
have important effect on transfection efficiency of siRNA (Schiffelers et al. 2004). For
example, although the cationic particles are small enough and ready to be taken up by
cells through endocytosis; they should be able to escape from endolysosomal vesicles to

allow RNAI1 to occur.

1.4  In-vivo delivery of siRNA in the animal

The delivery of siRNA in mammalian cells in-vifro has shown to be successful
in most of cell lines and therefore, siRNA is also being used to knockdown targeted
genes in animal models in-vivo. However, to deliver siRNA in-vivo is challenging and
complicated because there are several hurdles. The first obstacle is due to relatively
small size of siRNA that makes it is more likely to be degraded by RNase activity in
serum and rapidly excreted through urine (Schiffelers et al. 2005, Braasch et al. 2004)
even though chemically modified siRNA molecules are stable enough to escape from
RNase degradation. In fact, a study reported that pronounced accumulation of
fluorescence was detected in cortical region in the kidney as siRNA was subjected to the
glomerular filtration, and following this by accumulation in the liver after intravenous
injection of fluorescently labelled siRNA in mice (Schiffelers et al. 2005). Secondly, the
distribution of siRNA throughout the body by systemic administration will significantly
decrease the local concentration of siRNA at the target cells and is responsible for loss
of the majority of the injected dose. Finally, although siRNA reaches the target cells, it
still requires efficient endocytosis followed by endolysosomal release of an intact

double stranded structure to induce RNAI in the cells (Xie et al. 2006).
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Figure 1.3: Hurdles of siRNA delivery in-vivo (courtesy of Xie et at. 2006).

In order to increase stability of siRNA in-vivo, one approach that has been
described is through chemical modification. As ODN has been studied for its structure
and activity relationship, it provides a starting point to design and develop chemically
modified siRNA. For example, a phosphothioate linkage has been introduced into
siRNA to improve its thermal stability and resistance to nuclease activity. A study
reported that a heteroduplex of phosphodiester and phosphothioate RNA is more stable
against nuclease degradation up to 72 h than a homoduplex of phosphodiester RNA

when they were incubated in 50% ofmouse serum at 37°C (Braasch et al/ 2003).

Other modifications include locked nucleic acids (LNA) and modification of the
2’ position of the ribose by substituting with 2’ fluoro or o-methyl bases (figure 1.4).
This has been described as increasing the thermal stability of siRNA without
compromising the efficiency of RNAi (Paroo and Corey 2004, Braasch et al 2003).
LNA is however, a different class of 2’ modification as a methylene bridge connects the
2 -0 with the 4°-C of the ribose. This modification, therefore “locks” the ribose which
improves both duplex stability and nuclease resistance (Behlke 2006). In addition,
introduction of LNA in siRNA sense-strand could also be used to reduce off-target
effects by either lowering incorporation of the siRNA sense-strand and/ or by reducing
inappropriately cleavage of the non-target mRNA which was guided by the sense strand

(Elmen et al 2005). This strategy has been investigated due to the facts that the cells
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can incorporate both strands of siRNA into the RISC complex (Elmen et al. 2005,
Elbashir et al. 2001, Nykanen e al. 2001) but the strand that displays the weakest
binding energy at its 5’ base pair is incorporated preferentially (Elmen et al. 2005,
Khvorova et al. 2003, Schwarz et al. 2003) and the incorporation of unwanted, non-
target sense strand may cause off-target effects by limiting incorporation of intended

antisense strand (Elmen et al. 2005, Jackson et al. 2003).

The elimination of the 2’ hydroxyl also simplifies synthesis, deprotection and
purification protocols which may assist in the production of cost-effective siRNA for
therapeutic application (Braasch et al. 2003). Recently, an alternative approach has been
investigated by synthesizing lipophilic derivatives of siRNA which significantly
improves in-vitro and in-vivo delivery. Some authors have also reported that
conjugating cholesterol to siRNA can improve serum protein binding, pharmacokinetics
and increase delivery to hepatocytes (Behlke 2006, Lorenz et al. 2004, Soutschek et al.
2004) as well as improve permeability of siRNA (Lee and Sinko 2006, Lorenz et al.
2004).
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Figure 1.4: Chemical structure of phosphodiester and chemically modified siRNA
(adapted from Paroo and Corey 2004).

Another approach that has been described to efficiently protect and deliver
siRNA in vivo is the use of viral (adenovirus, lentivirus) and non-viral vectors (cationic
lipids or polymers) which will be discussed in following chapters. Furthermore, the
route of administration is also an important factor to be considered for siRNA delivery
in animals. A number of strategies have been described to deliver siRNA in vive and
from among these strategies, rapid infusion by hydrodynamic injection of siRNA is
shown to efficiently deliver siRNA and subsequently, results in silencing of the target
gene. In this technique, a large volume of siRNA solution is rapidly injected into the tail
vein of a mouse which transiently disrupts vascular and tissue integrity, consequently
achieving successful delivery (Behlker 2006, Lewis and Wolff 2005). This method is

however, restricted to highly vascularised tissues such as liver, spleen and kidney and

15



Chapter 1 Introduction

therefore, it is not suitable for systemic delivery. Additionally, success depends on the
technique and skill of the operator although morbidity of the animals can be significant
(Behlker 2006). Nevertheless, the hydrodynamic injection is currently not a viable
technique in human clinical studies although it is very efficient for target validation in
animals (Xie et al. 2006).

Other approaches that have also been used are electroporation and local injection
or administration of siRNA directly into targeted tissues or organs such as eyes,
kidneys, skin, and even brains of rodents. However, all vector systems or techniques
that have been discussed above show several drawbacks such as the need for a very high
amount of siRNA, being restricted to certain tissues or organs (Aigner 2006, Hassani et
al. 2005) and therefore allowing local rather than systemic delivery of siRNA and are

restricted to a site-specific injection (Aigner 2006).

Although, currently the delivery of siRNA in-vivo is challenging, the
development and optimisation of siRNA delivery in animals is a worthy effort to

accelerate the emerging potential for therapeutic applications of siRNA.

1.5 Delivery strategies

Even though, siRNA strategies have emerged as exciting novel therapeutic
agents, several biopharmaceutical problems such as limited blood stability, insufficient
cellular uptake and poor accessibility to the target sites have limited their usefulness
(Zhang et al. 2006). Thus, to improve cellular uptake of siRNA, a number of strategies
have been investigated and utilised. In general, these problems could be overcome by
incorporating siRNA with cationic lipids or polymers to form complexes which could

protect and deliver siRNA to the target cells.

1.5.1 Liposomes

Liposomes have been extensively studied as delivery systems for genetic
materials such as pDNA, ODNs and recently, they have been investigated as a carrier
for siRNA. siRNA has been incorporated into different types of liposomes including
cationic liposomes (Sioud and Sérensen 2003, Spagnou et al. 2004, Yamauchi ef al.
2006) and fusogenic liposomes (Hassani et al. 2005). Generally, liposomes are
microscopic spheres composed of one or more closed, concentric phospholipid bilayer

membranes surrounding an internal aqueous compartment (Lebedeva et al. 2000, Sessa
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and Weissmann 1968). They can either encapsulate nucleic acids within an aqueous
centre or form lipid nucleic acid complexes through electrostatic interaction between the
negatively charged sugar phosphate backbone and cationic surface of the liposomes
(Hughes et al. 2001, Islam et al. 2000, Maurer et al. 1999). The forming complex is a
polyelectrolyte nanoparticle that can be readily taken up intracellularly by endocytosis
(Jeong et al. 2003). DOTAP (1,2-Dioleoyl-3-trimethylammonium propane) is one of the
lipids that has been widely employed to deliver nucleic acid which can be mixed with
helper lipids such as dioleoyl phosphatidylethanolamine (DOPE) that promote fusion of
the particles with the endosomal membrane, leading to endosomal escape (Schiffelers et
al. 2005). From among the cationic liposomes, Lipofectamine 2000 is a commonly used
transfection reagent to deliver siRNA in-vitro; however, complexation of these
liposomes with siRNA allow little control over the preparation process which therefore
results in an excessive size and low stability of lipoplexes with incomplete
encapsulation of siRNA molecules which thereby exposes siRNA to degradation
(Zhang et al. 2006). In addition, its application has been reported to be specific to only
certain types of cells and toxic to cells as well as animals (Zhang ef al. 2006, Chiu et al.
2004, Ohki et al. 2001) which limits its usefulness.

Liposomes are typically made from natural, biodegradable, non-toxic, non-
immunogenic lipid molecules which resemble cell membranes in their structure and
composition (Lasic 1998, Lasic 1993); however there are some limitations on their use.
For instance, low stability of liposomes in the presence of serum or in the blood
(Kakizawa et al. 2006, Yamauchi et al. 2006, Zhang et al. 2006, Ahktar 1998) and their
tendency to accumulate in the recticuloendothelial system, have led to a short life and
reduced access to other tissues (Chirila et al. 2002, Litzinger 1997). Moreover,
liposomes also display poor encapsulation efficiencies (Yamauchi er al. 2006) and
cationic liposomes may display significant cytotoxicity (Zhang et al. 2006, Zimmer et
al. 1999, Lappalainen et al. 1994) especially its immunotoxicity effects which could
exacerbate the disease like arthritis (Madberry et al. 20004).

1.5.2 Cationic polymers

After internalisation, active biological agents such as ODN and siRNA are
normally accumulated in endosomal vesicles within the cells, severely limiting their

ability to interact with the targeted mRNA and exert their biological effects. Thus, great
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efforts have been undertaken to enhance endolysosomal escape. One strategy that has
been examined is the use of a polyeation with intrinsic endosomolytie activity such as
polyethyleneimine (PEI) and starburst polyamidoamine dendrimers (Okuda et al. 2004).
They show endosomal disruption activity due to the proton sponge effect. This effect
occurs due to the lower pKa of the amine groups to endosomal pH, producing a
buffering effect of the gene carrier itself that leads to its escape from the endosome

(figure 1.5) (Okuda et al. 2004).

Endocyte

Figure 1.5: Schematic representation of the proton sponge theory. First, the
complex of the DNA and the nanoparticles enters into the cell by endocytosis. The
protonated amine groups of the nanoparticles capture H in acidic environment of
endosome that allows the endsome to pump in more and Cl ions. The pH value
of the endosome is then increased and subsequently H20 molecules are imported
into the endosome by osmosis; lastly, DNA is released from the endosome due to

endosomal swelling and rupturing (courtesy of Pang et al. 2002 ).

1.5.2.1 Polyethyleneimine

PEI is one of the most successful and the longest-standing polymers for non-
viral nucleic acid delivery systems (Schiffelers et al. 2005, Godbey and Mikos 2001).
PEI is a highly polycationie synthetic polymer that is very soluble in water and has a
high capacity for positive charge as every third atom in the main molecular backbone is
ionisable nitrogen (Chirila et al. 2002, Kireheis et al. 2001). It is available in both linear
and branched forms as shown in figure 1.6 (Godbey and Mikos 2001). The branched

form is produced by cationic polymerization from aziridine monomers via a ehain-
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growth mechanism, with branch sites arising from specific interactions between two
growing polymer molecules. Polymer growth is terminated by “back biting,” or
intramolecular macrocyclic ring formation. On the other hand, the linear form of PEI
also arises from cationic polymerization, but from a 2-substituted 2-oxazoline
monomer. The product (for example linear poly(N-formalethylenimine) is then
hydrolyzed to yield linear PEI and it is attainable from the same process as that used to
attain branched PEI, but the reaction must take place at relatively low temperature
(Godbey et al. 1999 and reviewed in Tomalia and Killat 1985). The branched form
contains 1°, 2° and 3° amines whereby each of them are likely to be protonated in
physiological pHs and this has been used as a standard PEI for gene delivery due to its
greater success in cell transfection compared to the linear form (Godbey et ai. 1999).

The explaination of PEI protonation will be explained further on page 54.

(CHICHR " 7H
(a) Branched |[X>lycthylcneimine (PEI)
fik- H(HiH— CH~CHj-"

GHOH CHOH

(b) Linear polyethyleneimine (PEI)

Figure 1.6: Structures of branched (a) and linear polyethyleneimine (b) (courtesy

of Kakui et al. 2005).

Due to its high positive charge density, PEl provides a strong electrostatic
interaction with negatively charged polyanions such as pDNA, ODNs and siRNA to
form a small and reproducible complex (polyplex) which confers protection for the

pDNA, ODNs or siRNA from degradation by nuclease activity. Apart from this, it has
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been shown that PEI is an excellent transfection reagent which could facilitate
endosomal escape after entering the cells as it acts as a 'proton sponge’ during
acidification of the endosome (figure 1.7) (Dailey et al. 2004, Godbey and Mikos 1999,
Boussif et al. 1995). Although PEI offers vastly greater protection and transfection for
genetic molecules, it is not the ideal transfection reagent. An overall positive charge of
these polyplexes exhibit numerous problems such as interaction with blood components
(Rudolph et al. 2002, Zou et al. 2000, Kireheis and Wagner 2000, Kireheis et al. 1999)
and activation of the complement system (Godbey and Mikos 1999) which result in
rapid clearance of complexes from the bloodstream as well as attributing to the toxic

effects at cellular level (Merdan et al. 2000).

CeU incinlwaiu:

A PPulyplex

Figure 1.7: Schematic representation of PEI mediated DNA uptake by mammalian
cells. DNA is condensed into a small complex in the presence of PEIL. This polyplex
interacts with the negatively charged cell membrane and is internalized within
endosomes. The polyplex is then released via a proton sponge effect resulting in an
opening of the endosome. The polyplex can then progress to the nucleus (courtesy

of Zhang et al. 2004).

Several strategies have been applied to circumvent these problems, for example
by masking the polyplex with a protective copolymer such as polystyrene and
polyethylene glycol (PEG) (Kleeman et al. 2005, Rudolph et al. 2002, Davis 2002,

Finsinger et al. 2000) which not only yields polyplexes with a lower surface charge, but
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is also responsible for decreased polyplex aggregation, decreased interactions with
protein plasma as well as decreased cell toxicity (Godbey and Mikos 2001, Ogris et al.
1999). Woodle et al. (2001) reported that conjugation of PEG with PEI containing
ODNs could not only enhance stability of the complexes but also allow them to
circulate for a longer period in the blood and reduce non-specific interactions due to
stabilization by PEG. In addition, other strategies have been employed such as
manipulation of the PEI amine to DNA phosphate ratio (Godbey ef al. 1999) as well as
the attachment of sugar moieties to the PEI for targeting purposes, for example, the use
of mannosylated PEI/DNA complexes to target Antigen Presenting Cells (APC)
(Godbey and Mikos 2001, Diebold et al. 1999) and galactose- conjugated PEI for
hepatocyte targeting (Godbey and Mikos 2001, Zanta et al. 1997) by specific binding to

the receptor that presence on the surface of the cell membrane.

Recently, attempts have also been made by several groups to enhance the
biocompatibility as well as transfection efficiency of PEI by employing low molecular
weight PEI, linear PEI (Dailey et al. 2004, Kleeman et al. 2004), biodegradable PEI
(Dailey et al. 2004) and a combination of cationic lipid- or polymer with the PEI to
form a hybrid gene delivery system with improved biocompatibility (Brownlie ef al.
2004). The optimal structural and molecular weight of PEI for efficient gene delivery
however is still uncertain as some authors have reported that low molecular weight PEIs
were more effective than branched PEI (25 kDa) (Kunath ef al. 2003) and some others
revealed that transfection efficiency increased with the increase of PEI molecular
weight (Ahn ef al. 2002; Godbey et al. 1999). These contradictions are possibly due to
the differences between commercially available sources of PEI in molecular weight
dispersion as well as its purity leading to differences in both transfection and toxicity
(Zhang et al. 2004).

On the other hand, PEI has been widely used to modify the overall particle
surface charge of other polymers to produce a net positively charged particle. In this
case, PEI is incorporated into the polymeric particles either by encapsulating (blending)
it within the polymer (De Rosa et al. 2003; Bivas-Benita et al. 2004) or by coating/
adsorbing the surface of the polymer-based carriers with PEI (Messai et al. 2003,
Kasturi et al. 2005). Such carriers have the potential advantages including increased
bioavailability, improved loading efficiency (Kasturi e al. 2005) as well as controlled

release of encapsulated genetic materials from the particles which in turn could reduce
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the need for repeated dosing (Garcia del Barrio et al. 2003). In addition to that,
adsorption of nucleic acid onto the preformed cationic particles could preserve the
structural integrity of nucleic acid from the harsh environment during particles

preparation.

PEI adsorption onto polymer particles such as poly(lactic acid) (PLA) or
poly(lactide-co-glycolide) (PLGA) occurs through electrostatic interaction between the
negatively charged PLA/ PLGA particles and the polycation. A study done by Messai et
al. (2003) reported that the adsorption of PEI to the PLA particles took place at
optimum pH of 5.8 as both of the carboxyl groups of PLA and amine groups of PEI had
to be ionized to permit electrostatic interactions. The same study also reported that PEI
was adsorbed onto the PLA particles as a monolayer at low ionic strength media
whereas adsorption was multilayer at high ionic strength (Messai et al. 2003). This
approach of either blending or adsorbing PEI with PLGA/PLA however, has been
reported to suffer from premature release of PEI during formulation or prior to reaching
the target cells leading to unwanted cytotoxicity (Kasturi ef al. 2005). PEI has therefore
been covalently conjugated to PLGA to allow efficient surface loading of nucleic acids
as well as enhancing transfection with relatively low toxicity (Kasturi et al. 2005,
Manuel et al. 2001).

1.5.2.2 Chitosan

Chitosan is also considered to be a good candidate for gene delivery systems
(Kim et al. 2005). Chitosan is a natural cationic polysaccharide (Lee er al. 2005, Lopez-
Leon et al. 2005) consisting of B-1, 4 linked monomers of glucosamine and N-
acetylglucosamine as shown in figure 1.8 (Li et al. 2003). Chitosan is obtained from
partial deacetylation of chitin, the major component of crustacean shells (Lopez-Leon et
al. 2005, Jane et al. 2001) and the second most abundant natural polymer after cellulose
(Kost and Goldbart 1997). The natural chitin or chitosan often exists as a copolymer of
glucosamine and acetylated glucosamines. Chitin is insoluble in water and most
solvents which has restricted its usefulness. In contrast, chitosan can form salts with a
variety of inorganic and organic salts due to the presence of free amines in its structure.
Therefore, chitosan can be dissolved in an aqueous solution of almost all the organic
and inorganic acids. Therefore, the percentage of glucosamine units in the polymer is

very important and known as degree of deacetylation or DDA (Cho et al. 2006) which
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can be determined by UV spectroscopy, chromatography, X-ray diffraction and other

methods (Kost and Goldbart 1997).

Chitosan is an attractive vector for gene delivery due to advantages such as low
toxicity, excellent biodegradability and biocompatibility (Shu and Zhu 2002). The
polymer undergoes a slow break down process to harmless products (amino sugars) and
is completely absorbed by the human body (Agnihotri et al. 2004, Nicol 1991). In
addition, chitosan is a useful polymer for mucosal drug delivery (Janes et al. 2001) as it
has ability to transiently open tight junctions between epithelia cells, thus facilitating the
transport of macromolecules through well organised epithelial (Janes et al. 2001,
Schipper et al. 1999, Schipper et al. 1997, Schipper et al. 1996, Borchard et al. 1996,

Artursson et al. 1994).

<)H

NH

— chitin
ainl )’> 50%X => chitivvan

Figure 1.8: Chemical structure of chitin and chitosan.

Chitosan contains free amino groups which undergo protonation in acidic pH
thus, enabling it to interact with negatively charged of anions such as pDNA or
multivalent polyanions to form a complex or nanoparticles. A complex can be easily
formed by electrostatic interaction between cationic chitosan and negatively charged
polyanions such as pDNA, ODNs or even siRNA therefore protecting these nucleic
acids from nuclease degradation (Richardson et al. 1999). Aside from chitosan
complexation, it has the ability to gel spontaneously upon contact with multivalent
polyanions such as tripolyphosphate (TPP) ions through inter- and intramolecular cross
linkage between TPP phosphates and chitosan amino groups (Gan et al. 2005, Janes et

al. 2001).
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In fact, several techniques have been used to obtain chitosan nanoparticles
including ionic complexation (Borchard 2001, Liu et al. 2005), ionic gelation (Shu and
Zhu 2002, Vila et al. 2004, Gan et al. 2005), desolvation (Mao et al. 2001, Akbuga et
al. 2004) and covalent cross-linking (Lopez-Leon et al. 2005, Gupta and Jabrail 2006).
from among above methods, ionic-complexation and ionic-gelation are the most useful
methods to obtain chitosan nanoparticles due to their simplicity and the provision of
mild conditions to produce nanoparticles without any need for toxic chemical such as
glutaraldehyde, a cross-linking molecule used in the covalent cross-linking method
(Lopez-Leon et al. 2005). Glutaraldehyde has been shown to have negative effects on
cell viability as well as the integrity of macromolecules as reviewed by Janes et al.
(2001) and therefore it is not favourable for use in the development of pharmaceutical

products.

However, the ionic gelation method is preferable to simple complexation
because manipulation of resulting particle size and surface charge can be easily
controlled by adjusting preparation parameters (Gan ef al. 2005, Janes ef al. 2001) such
as different concentrations of chitosan and TPP ratio (Janes ef al. 2001) as well as
stirring rate. Nevertheless, physical characteristics of chitosan nanoparticles by ionic
gelation may vary significantly depending on purity, the type of acid salt and molecular

weight of chitosan employed (Jane et al. 2001).

Since chitosan has been discovered to have high affinity for the cell membrane,
it has been utilised as a coating agent or surface modifier by incorporating or adsorbing
chitosan onto the nanoparticles (Janes et al. 2001). Besides this, nucleic acids may be
adsorbed onto the surface of chitosan-coated PLA nanoparticles to avoid nucleic acid
degradation during formulation processes such as high shearing and the use of organic
solvent (Messai ef al. 2005, Munier et al. 2005). Another study by Ravi Kumar et al.
(2004), has also successfully incorporated chitosan into PLGA polymer by the
emulsification diffusion method to obtain positively charged PLGA nanoparticles.

1.5.2.3 Cell penetrating Peptides (CPPs)

An alternative approach to deliver siRNA is the use of peptides which have the
ability to translocate to the cell membrane. CPPs initially were defined as short cationic
peptides (less than 30 amino acids) with a net positive charge that have the ability to

translocate through the plasma membrane of eukaryotic cells via a receptor- and
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endocytosis-independent mechanisms namely passive diffusion or inverted micelle
formation (reviewed in Jarver and Langel 2004, Pujal ef al. 2006). However, it was then
discovered that these findings were an artefact from membrane disruption of the cell
fixation protocols as the harsh cell fixation process resulted in the release of CPPs into
the cytosol and nucleus (Richard et al. 2003, reviewed in Pujal et al. 2006, Jirver and
Langel 2004). Therefore, fixation procedures need to be avoided when studying cellular
localisation of CPP.

Recent studies with unfixed cells revealed that CPP internalisation into the cells
might involve endocytosis as the uptake of CPP was inhibited at 4°C and the depletion
of intracellular ATP was observed using sodium azide and 2-deoxy-D-glucose (Richard
et al. 2003, reviewed in Pujal et al. 2006). In addition, other studies discovered that the
uptake of CPPs was reduced by known endocytosis inhibitors (reviewed in Jarver and
Langel 2004). For example, the presence of the metabolic inhibitor iodoacetamide or
endocytosis inhibitor cytochalasin D was shown to inhibit the uptake of TAT-liposomes
at 37°C by OVCAR-3 cells (Fretz et al. 2004). Meanwhile, in a different study, the
uptake of octa-arginine (R8) peptide by HeLa cells was significantly suppress by the
macropinocytosis  inhibitor ethylisopropylamiloride (EIPA) and the F-actin
polymerization inhibitor cytochalasin D but the uptake of penetratin was found to be
less sensitive to EIPA (Nakase et al. 2004). Recent review also reported that
internalisation of CPP begins with interactions between CPP and the extracellular
matrix, requiring the capture of the CPP by cell-surface proteoglycans (PGs) such as
cell-surface heparan sulphate (HSPGs), leading to peptide uptake at multiple sites of the
cell surface (Pujal et al. 2006). This interaction has been shown through electrostatic
interaction between the sulphated polysaccharides and the Arg-rich peptides which play
a crucial role in cell membrane penetration. The binding between CPPs and HSPGs then
induces aggregation and CPPs are concentrated at the cell surface for subsequent
internalisation through direct membrane penetration, classical endocytosis or caveolar

endocytosis (Pujal et al. 2006).

CPPs are trapped in the compartments such as endosomes or golgi apparatus
after internalisation through endocytosis. If the CPPs are taken up by the cells via
Clathrin-mediated endocytosis (degradative pathway), these normally end up in the
endolysosomal compartment while in golgi apparatus or endoplasmic recticulum (ER)

for internalisation via the caveolin-mediated route (non-digestive route) as shown on
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figure 1.9. It has been reported that the changes of pH in the endosome, results in
changes in the CPP conformation, which allows them to cross the endosomal membrane

and release into the cytoplasm (Potocky et al 2003, reviewed in Pujal et al 2006).

(Vjooouoiiaobaxotcftyr™

Figure 1.9: Different steps in CPF-mediated intracellular delivery. (1) Interaction
of the CPP (represented as a green bar) with the cell-surface proteoglycans (in
red), (2) The endocytic pathway, (3a) the degradative route to lysosomes in
clathrin-mediated endocytosis, (3b) CPP ultimately reach the Golgi apparatus (in
purple) or endoplasmic reticulum (ER, in grey) in caveolin-mediated endocytosis,

(3¢c) Endosomal release (courtesy of Pujal etal. 2006).

TAT-peptide is one of the CPP that has been widely used to deliver nucleic

acids. TAT-peptide is a fragment of natural protein and an essential viral regulatory
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protein derived from HIV-1. TAT is encoded by two exons of 86 to 102 amino acids in
length depending on the strain of virus (Patel et al. 2006, Wadia and Dowdy 2005); the
first exon has been shown to mediate transactivation of HIV-1 gene expression whereas
the second exon encodes the C-terminal domain of TAT which contains an arginine-
glycine-aspartic acid (RGD) sequence, mediating the binding of extracellular TAT to
intergrin receptors, leading to TAT internalisation (Patel et al. 2006, Chang et al. 1997).
The length and amino acid sequence of TAT-peptide however, could vary with different
studies but in this study, TAT-peptide with the length of 11 amino acids
(YGRKKRRQRRR, MW: 1739 Da) has been investigated.

The TAT-peptide has been reported to be taken up predominantly via an
endocytotic pathway following electrostatic interaction of positively charge of TAT
with negatively charged cell surface components (Shiraishi et al. 2005, Thoren et al.
2003) particularly HSPGs. Some HSPGs have a high number of sulphate and carboxylic
groups (Vives 2005) which have been shown to be important in TAT uptake through
electrostatic interaction or hydrogen binding with the guanidium group of arginine
(Pujals et al. 2006, Fernandez-Carneado et al. 2005, Haack et al. 2003, Sanchez-
Quesada et al. 1996, Salvatella et al. 1996). TAT-peptide on the other hand has a high
content of arginine which has been shown to be responsible for mediating cellular
uptake. In fact, the guanidium group of the arginine side chain is more potent in
facilitating cellular uptake of TAT than other cationic groups such as lysine, histidine or
ornithine (Brooks et al. 2005, Mitchell et al. 2000). Deletion or substitution of one
arginine residue therefore could reduce or even abolish the uptake of TAT into the cells
(Silhol et al. 2002, Wender et al. 2000, Vivés et al. 1997).

The TAT-peptide has been used to internalise a wide range of cargoes from
small to large molecules for example, liposomes (Frezt et al. 2004), PEG-PEI
polyplexes (Kleeman et al. 2005), N-(2-hydroxypropyl)methacrylamide (HPMA)
copolymer (Nori et al. 2003); anionic nanoparticles (Patel ez al. 2006) even pDNA
(Kleeman ef al. 2005) and ODNSs (Turner et al. 2005, Astriab-Fisher et al. 2000). TAT-
peptide normally attaches to these cargoes by covalent linkage and a disulfide bridge
between these two entities is the most convenient bond formation as the reduction of the
disulfide bridge is expected to release its cargo once they reach the cytoplasmic

compartment (Brooks et al. 2005). However, the internalisation of TAT-peptide and its
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cargo is also highly dependent on the size of cargoes, the exposure level of arginine and

chemical linkage between TAT and cargo (reviewed in Brooks ef al. 2005).

Other peptide based delivery systems that have been studied are the family of
polycationic sequences such as poly-arginine and poly-lysine (reviewed in Vivés 2005)
and recently the branched histidine-lysine polymers which are known as HK-polymer
(Schiffelers et al. 2005). The advantages of these peptide based carriers besides their
biodegradability are that the manipulation of the amino acid building blocks, branching
and sequence could easily be done for specific applications (Schiffelers et al. 2005). For
example, in the case of HK polymers, specific delivery either for siRNA or pDNA
could be manipulated by changing the ratio and sequence of histidine and lysine
(Schiffelers et al. 2005).

1.5.3 Biodegradable polymers

Another major limitation of siRNA as a therapeutic agent is that they are likely
to be short-lived due to their rapid degradation in the biological environment which
therefore, might require repeated administrations to obtain the desired biological effects.
The use of a biodegradable polymeric delivery system has been reported to obviate the
need for repeated dosing through their ability in providing sustained release of the
active compound. Furthermore, the use of biodegradable polymers as a delivery system
could improve drug stability and reduce toxicity or non-specific activity associated with
the drug (Hughes ef a/. 2001). In fact, in this type of delivery system, the drug is not
normally chemically attached to the polymer; therefore they remain in a biologically
active form which can exert their effects as soon as’ they are released from the polymeric

matrix (Dunn and Ottenbrite 1991).

From among the drug carriers, biodegradable polymeric nanoparticles have
shown interesting potential to deliver small molecules like ODNSs efficiently into cells
(Lambert et al. 2001). Nanoparticles are defined as submicron (<1 pum) colloidal
systems, generally made of polymers that can be in the form of nanocapsules or
nanospheres (figure 1.10) (Lambert et al. 2001). Nanocapsules are vesicular systems in
which the drug is confined to a cavity surrounded by a unique polymeric membrane
whereas nanospheres are matrix systems in which the drug is dispersed throughout the

particles (Lambert et al. 2001). A number of different polymers have been employed in
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formulating biodegradable nanopartieles, and these are either synthetic (poly(lactic

acid), polyacrylates, polycaprolactones) or natural (collagen and chitosan) (Jain 2000).

Nanosphere

Potymefic «naira

Nanocapsule

Poymetic membrarw

Orly or aqueous core

Figure 1.10: Type of nanopartieles: Nanosphere (Top) and nanocapsule (bottom)
(adapted from Brigger et al 2002).

Non-protein biodegradable polymers are those that require some chemical
reactions such as hydrolysis before they become water soluble substances. These
reactions usually occur over an extended period of time in the presence of water and
therefore they can be used for longer-term drug delivery (Dunn and Ottenbrite 1991).
There are several approaches used for achieving such changes in the body and examples
of each category are shown in table 1.1: (1) the polymer can have a side chain
substituent which undergoes hydrolysis in the body to produce hydroxyl, carboxyl or
other dehydrating group (category 1), (2) to crosslink a water-soluble polymer with a
hydrolyzable crosslinking agent that makes the polymer water-insoluble. But, when it is
introduced into the body, the crosslinking group is hydrolysed or degraded to give a
water-soluble polymer (Category 11), (3) to use a water insoluble polymer that contains
hydrolyzable function groups directly in the polymer chain and as these group are
hydrolysed in the body, the polymer chain is slowly reduced eventually becoming water

soluble (Category 111) (Dunn and Ottenbrite 1991).
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Category I
Poly(maleic anhydrate) copolymer

Category I1

Gelatin-formaldehyde
Acrylamide-N,N’-methylenebisacrylamide

N-vinyl pyrrolidone-N,N’- methylenebisacrylamide
Fumaric acid/polyethylene glycol-N-vinyl pyrrolidone
Fumaric acid/diglycolic acid- N-vinyl pyrrolidone
Fumaric acid/ketomalonic acid- N-viny!l pyrrolidone

Category I11

Polylactic acid Polyanhydrides
Polyglycolic acid Polyorthoester
Polycaprolactone Poly(amino acids)
Polyhydroxybutyrate Psuedopolyamino acids

Table 1.1: Examples of biodegradable polymers used in drug delivery (adapted
from Dunn and Ottenbrite 1991).

The use of natural polymers however is limited due to their higher costs and
questionable purity (Jain 2000, Jalil and Nixon 1990). Therefore, synthetic
biodegradable polymers have been widely used for drug delivery. The most extensively
studied biodegradable polymers are poly(lactic acid) (PLA) and copolymer of lactic
acid and glycolic acid (PLGA) (Panyam and Labhasetwar 2003, Hughes ef al. 2001,
Jain 2000, Langer 1997). These polymers are currently used in humans due to their

excellent biocompatibility and biodegradability and relatively low toxicity.

Although lactic acid and glycolic acid have similar chemical structure, they are
quite different in chemical, physical and mechanical properties due to the presence of a
methyl group on the alpha carbon of lactic acid (figure 1.11) (Perrin and English 1997).
Lactic acid exhibits a stereoirregularity of the C atom in B-position and therefore it can
form D and DL and L polymers. The L form is found to be semicrystalline in nature
whereas the DL-form is an amorphous polymer (Jain 2000, Wu 1995, Tice and Cowsar
1984). Therefore, the DL polymer form is more suitable for particle production because

it less crystalline than L form (Miller 1991) which enables a more homogenous
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dispersion of drug in the polymer matrix (Jain 2000, Cohen et al. 1994, Tice and
Cowsar 1984). On the other hand, glycolic acid is highly crystalline due to the lack of
methyl side groups of the lactic acid (Jain 2000, Wu 1995, Tice and Cowsar 1984) and
more hydrophilic which results in faster degradation than lactic acid as it absorbs more
water (Jain 2000, Wu 1995, Cohen et al. 1994). Furthermore, the absence of the methyl
group in glycolic acid causes the carbonyl of the ester linkage to be more accessible to
hydrolytic attack which also causes it to degrade faster than lactic acid (Perrin and
English 1997).

PLGA

Figure 1.11: Structures of glycolic acid (PGA), lactic acid (PLA) and their PLGA

copolymer.

These polymers are polyesters. Therefore, they undergo hydrolysis upon
introduction into the body forming the biologically compatible and degradable moieties
of lactic acid and glycolic acid. These moieties are then removed from the body by citric
acid cycle (Kreb’s cycle) (Panyam and Labhasetwar 2003). The homopolymers degrade
more slowly than their co-polymers. In fact, the complete degradation of copolymer

containing a high percentage of glicolide is faster than a low percentage of glicolide
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(table 1.2). The physical properties of these polymers such as molecular weight could
not only control polymer biodegradation rate but also the mechanical strength of the

polymer as well as its ability to be formulated as drug delivery devices or systems (Jain

2000, Lewis 1990, Kitchell and Wise 1985).

Medisorb polymers | Inherent Viscosity, | DL lactide/glicolide | Degradation
IV (DL/G) Molar ratio information

100 DL high IV 0.66-0.80 100/0 '12-16 months
100 DL low IV 0.50-0.65 100/0 12-16 months
8515 DL high IV 0.66-0.80 85/15 5-6 months
8515 DL low IV 0.50-0.65 85/15 5-6 months
7525 DL high IV 0.66-0.80 75/25 4-5 months
7525 DL low IV 0.50-0.65 75/25 4-5 months
6535 DL high IV 0.66-0.80 65/35 3-4 months
6535 DL low IV 0.50-0.65 65/35 3-4 months
5050 DL high IV 0.66-0.80 50/50 1-2 months
5050 DL low IV 0.50-0.65 50/50 1-2 months
5050 DL 1A 0.08-0.12 | 50/50 1-2 weeks
5050 DL 2A 0.13-0.20 50/50 2-3 weeks
5050 DL 2.5A 0.21-0.31 50/50 2-4 weeks
5050 DL 3A 0.25-0.43 50/50 3-4 weeks
5050 DL 4A 0.38-0.48 50/50 3-4 weeks

Table 1.2: Biodegradation kinetics. Information from Alkermers™ - Medisorb *For
medisorb polymers the standard end group is lauryl ester (capped) unless the
polymer is marked either A, M or C. ‘A’ polymers contain a free carboxyl end
group (uncapped), "M’ polymers contain a methyl ester end group (capped) and

*C’ polymer are custom polymer (www.alkermers.com/polymer/products.html).

The factors that influence the degradation rates of polymer microspheres have
been extensively studied. Jeffery et al. (2003) reported that the degradation rate of PLA
is controlled by polymer molecular weight, polymer crystallinity and lactide:glycolide
ratio. Meanwhile, Tracy and co-workers have found that in-vivo degradation of PLGA

microspheres was faster than in-vitro and the degradation rate was dependent on the

32


http://www.alkermers.com/polymer/products.html

Chapter 1 Introduction

chemistry of the polymer end group (uncapped PLGA degrading faster than capped
PLGA) and molecular weight (faster degradation with the lower molecular weight
PLGA). They also have reported that zinc carbonate can retard the degradation of
capped PLGAs (Tracy et al. 1999). Another thing that we should bear in mind is that
DNA degradation may also be initiated by the hydration of microspheres in vivo and in
vitro. This is due to an acidic microenvironment created by PLGA degradation that may
chemically modify the DNA over time and ultimately can result in DNA degradation
(Hao et al. 2000). Therefore, as mentioned earlier, PLGA or PLA polymers were
incorporated with other cationic polymers to produce improved properties of PLGA or

PLA particles.
1.5.3.1 Micro- or nanoparticles preparation

A number of micro- or nanoparticles particles preparations have been reported to
date. However, the preparation that is commonly used is based on the formation of an
emulsion with an inner phase made of an organic solvent in which the polymer is
dissolved and an external phase consisting of a non-miscible solvent, normally water
with or without a surfactant (Delie et al. 2001). These strategies however have been
modified or improved to suit the nature of the polymer, the active molecule and
intended use. The methods that have been reported and used for micro-or nanoparticles

preparation are described below:
1.5.3.1.1 Emulsification-solvent evaporation method

This conventional technique consists of three major steps: (1) emulsification of a
water-immiscible organic solution with an aqueous phase containing stabilizer, (2)
removal of solvent by extraction or evaporation and (3) isolation of micro- or
nanoparticles by filtration or centrifugation (Kwon et al. 2001, Cleland 1998, Sah e? al.
1996). This process involves either oil in water (o/w) (single emulsion) or water in oil in
water (w/o/w) (double emulsion) emulsification. One disadvantage of single emulsion
however is poor entrapment efficiency for moderately or highly hydrophilic molecules
such as protein, pDNA, ODNs and siRNA. The hydrophilic drug would be diffused out
or partition from the dispersed oil phase into the aqueous continuous phase and deposit

on the particles or it could diffuse wholly into aqueous phase to be lost during washing
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(Jain 2000, Wada et al. 1988, Cavalier et al. 1986). Therefore, the double emulsion

method is better suited in order to encapsulate water soluble drugs.

However, there are several drawbacks related to the solvent evaporation
technique including the use of chlorinated solvent such as chloroform or
dichloromethane (DCM) and difficulties in preparing nanoparticles with diameters less
than 100 nm (Kwon et al. 2001). In addition, this technique normally requires
sonication to create the first emulsion since it generates a more homogenous dispersion
with high encapsulation efficiency. Sonication has been demonstrated to be a major
cause of exposing protein or macromolecules to a number of mechanical stresses which
can denature them such as the introduction of high pressures, temperature gradients,
shear forces (>15000 rpm) and free radicals during the process (Kang and Singh 2003,
Krishnamurthy et al. 2000). Furthermore, sonication exposes the protein to the
denaturating action of organic solvent across a very large interfacial area
(Krishnamurthy ez al. 2000) and all of these factors can result in loss of biological
activity of protein or macromolecules. Due to all the above reasons, homogenization has
been used to substitute sonication for creating the fist emulsion even though the size of
microspheres prepared using sonication is slightly smaller than that of particles prepared

using homogenization (Hsu et al. 1999).
1.5.3.1.2 Emulsification diffusion method

In order to eliminate the drawbacks related to solvent evaporation, it also would
be ideal to try the emulsification diffusion method. In this method, nanoparticles are
prepared by emulsifying an organic solution of the polymer in an aqueous solution of
stabilising agent followed by rapid displacement of the solvent from the internal to
external phase which results in solid particle formation (Jelcic 2004, Quintanar-
Guerrero et al. 1998). Theoretically, in the emulsification diffusion method, stirring
causes the dispersion of polymer-solvent globules and the stabilising agent is then
adsorbed on the large interface between solvent and the external phase created. The
addition of water causes solvent diffusion from internal to the external phase and during
the transport of solute, new globules are produced which are gradually poorer in solvent
(figure 1.12) (Kwon et al. 2001).
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Figure 1.12: Schematic description of proposed formation mechanism of
PLA/PLGA nanopartieles by the émulsification diffusion method (courtesy of
Kwon et al. 2001).

In general, selections of solvent as well as preparation parameters are the most
important factors that affect the physical characteristics of the yielded nanopartieles
(Jelcic 2004). In this method, the solvents used are usually fully or partially water-
miscible solvents such as acetone, benzyl alcohol, propylene carbonate or ethyl acetate.
Therefore, the diffusion of these solvents from the globules carries polymer molecules
into the aqueous phase, forming local regions of supersaturation from which, new
globules or polymer aggregates are formed (figure 1.13). In contrast, organic solvent of
low water solubility, for example chloroform produces bigger particle sizes due to its
low precipitation and microparticles will be formed by the solvent loss from the surface

ofthe droplet (Choi et al 2002).
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Figure 1.13: The diffusion process of partially water- miscible solvent into the

aqueous phase (adapted form Choi ez al. 2002).

This method has been suggested to be superior to the solvent-evaporation
method as it requires the use of non-chlorinated solvents and low shear speeds (<1500
rom) because rapid diffusion of solvents from the internal phase into the external phase
causes creation of an interfacial turbulence between two phases, leading to the
formation of smaller particles (Soppimath et al. 2001). It is very important to avoid the
use of chlorinated solvents whenever possible because most of them have relatively
high toxicity and have to be extensively purified to produce a practically solvent-free
formulation (Leroux et al. 1995, Allemann et al. 1993). If not, these solvent impurities
become toxic to the body and may degrade the drug within the polymer matrix

(Soppimath et al. 2001).

In general, benzyl alcohol (BZA) is one of the most commonly used solvents in
the émulsification diffusion method (Delie et al. 2001; Berton et al. 1999a; b; Leroux et
al. 1995) because it has low toxicity compared to chlorinated solvents. The physical
properties of BZA which is immiscible with water at a low water to solvent ratio but
miscible at ratios above 1:25 in fact, makes it a suitable solvent to be used in the
émulsification diffusion process (table 1.3). Additionally, BZA has been widely used in
pharmaceutical formulations for humans due to its antimicrobial and solubilizing
properties (Leroux et al. 1995). Various other partially-water miscible solvents also
have been tested for particle formation such as propylene carbonate (PC), methyl ethyl
ketone (MEK) and ethyl acetate (EC) (Choi et al. 2002). Besides being chemically
stable and odourless, PC has been reported to be a good solvent for polymers and has
relatively low oral as well as skin toxicity. Therefore, it was thought to be a suitable

solvent for the émulsification diffusion method to produce emulsions of good physical
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and chemical stability (Quintanar-Guerrero ef al. 1996, Dahl and Burke 1990, Ong and
Manaukian 1998, Stephens and Felkel 1975, Stephens and Suddeth 1967, Merodith and
Tobias 1961).

Solvent
Ethyl Acetate (EC) Propylene carbonate Acetone (ACE)
®C)
Water Slightly soluble (10% | Slightly soluble (17.5% | Very soluble (infinitely
v/v at 25°C) v/v at 25°C) at 25°C)
PLGA Good solvent Good solvent Good solvent

Table 1.3: Solubility of organic solvent in water or PLGA in organic solvent
(Adapted from Song et. al. 2006).

Several researchers have studied the relations between preparation parameters
(type of solvents, type and concentration of stabilisers) and particle size of nanoparticles
produced by the emulsification diffusion method. Quintanar-Guerrero et al. (1996)
reported that the particle size of nanoparticles could be reduced by increasing the
concentration of stabiliser and stirring rate. A similar study also has been done by Kwon
et al. (2001) which reported that preparative variables such as the type as well as
concentrations of stabilizer and homogenizer speed are crucial factors for the formation
of PLGA nanoparticles by the emulsification diffusion method. In fact, in this report,
they also claimed that particle size of resultant nanoparticles increased with the increase
of polymer concentration in the organic phase (Kwon et al. 2001). Several selections of
partially water immiscible solvents (EC, MEK, PC, BZA) have also been studied for
their effect on the particle size of nanoparticles prepared by the emulsification diffusion
method (Choi ef al. 2002). In this study, they found that the size of PLGA nanoparticles
was decreased with the decrease of exchange ratio, R (R=Dsw/Dys, diffusion
coefficients= Dsojvent to waters Dwater to solvent) and the increased of the solvent-polymer
interaction parameter (x). Recently, Song et al. (2006) has studied the effect of various
solvents on the particle size of nanoparticles produced by the emulsification diffusion
method including partially water soluble solvents, fully water soluble (ACE) and water-
immiscible solvent (DCM). From this study, they reported that ACE and DCM
produced larger particle than partially water soluble solvent (PC and EC). DCM
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produced larger particles as a result of significant aggregation due to its immiscible
nature with water. On the other hand, acetone which is completely miscible with water
is expected to form an unstable emulsion which immediately precipitates as sub-micron
particles upon mixing the organic and aqueous phases (Song et al. 2006, Thioune et al.
1997)

1.6 Objectives of the study:

(a) Formulation and optimisation of cationic nanoparticles based on cationic polymers:
PEI, chitosan and TAT-peptide for siRNA delivery using simple complexation. For
chitosan nanoparticles, optimisation of another method of preparation namely ionic

gelation using TPP ions will also be evaluated.

(b) Development and optimisation of biodegradable cationic polymeric nanoparticles
for siRNA delivery based on incorporation of PLGA and cationic polymers such as PEI

and chitosan by the emulsification diffusion method.

(c) Characterisation of subsequent physical properties of these nanoparticles in terms of
particle size, surface charge, morphology and siRNA loading and binding capacity/

efficiency.

(d) Evaluation of biological activities of siRNA delivered by these nanoparticles in-

vitro as well as evaluating their potential toxicity.

(e) Comparison of physical as well as biological properties of the above nanoparticles

when loading with siRNA and pDNA.
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2  Materials and methods

2.1 Materials

2.1.1 Polymer

Poly (D,L-lactide-co-glycolide) with a monomer ratio of 50:50 2A (14 kDa),
3A (46 kDa ) and 4A (58.8 kDa) Medisorb® were purchased from Alkermers.
Poly(vinyl alcohol) (PVA, molecular weight: 13-23 kDa and 30-70 kDa, 87-89%
hydrolysed), poloxaner-188 and -407 were from Sigma Aldrich. Branched form of PEI
(molecular weight: 25 kDa) was also purchased from Sigma. Four different types of
chitosan were medical grade chitosan hydrochloride with molecular weight of 270 kDa
and 110 kDa as well as chitosan glutamate with molecular weight of 470 kDa and 160
kDa (Degree of deacetylation of 86%, Protasan Ultra-pure, Pronova Biomedical,
Norway). TAT-peptide (YGRKKRRQRRR, MW: 1739 Da) was a gift from Dr.
Sylviane Muller, Immunologie et Chimie Thérapeutiques, Institut de Biologie
Moléculaire et Cellulaire (IBMC).

2.1.2 siRNA

siRNA targeting against pGL3 luciferase gene (sense: 5’-CUUACGCU-
GAGUACUUCGATT-3’, antisense: 3’-TTGAAUGCGACUCAUGAAGCU-5’) and
control siRNA (non-silencing) (sense: 3’-UUCUCCGAACGUGUCACGUTT-3’,
antisense: 3’-TTAAGAGGCUUGCACAAGUGCA-5’) were synthesized by Proligo

(France).
2.1.3 pDNA

Reporter vectors, pGL3 control and pRL-TK were purchased from Promega
(UK) and pDNA of gwiz™ luciferase (10 mg/ml in water) was purchased from
Aldevron, USA.

2.1.4 Others

Pentasodium tripolyphosphate or TPP (Merk, Germany) and sodium acetate was
obtained from Sigma-Aldrich. Dual-Glo Luciferase Assay system, agarose gel (low
melting point and general use), Tris-borate-EDTA (TBE) and Tris-acetate-EDTA (TAE)

39



Chapter 2 Materials and methods

buffers pH 8.3 were from Promega, UK. Lipofectamine 2000 and Opti-MEM I reduced
serum medium were purchased from Invitrogen, UK. MTT (3-(4, 5-dimethyl-thiazol-2-
y1)-2, 5-diphenyl-tetrazolium bromide, 10 mg), Dulbeco’s Modified Eagles Medium
(DMEM), feotal bovine serum, penicillin 10 000 unit/ml and streptomycin 10 mg/ml
solution, L-glutamine 200 mM, MEM non essential amino acid 100X and dimethyl
sulfoxide (DMSO) were from Sigma. Acetone, ethyl acetate and dichloromethane were

analytical grade.

2.2 Preparation of polyplexes

In this study, various types of polyplexes were synthesized by simple mixing of
siRNA solution with a solution of cationic polymer (complexation). Subsequently, these
polyplexes were formed through electrostatic interaction between negatively charged

siRNA and positively charged cationic polymer.
2.2.1 Polyethyleneimine

PEI-siRNA complexes were prepared at different N/P ratios, ranging from 1:1 to
25:1. siRNA and PEI were separately diluted to 500 pl with RNase free water. The
complex was then prepared by gently mixing siRNA (50 ng) to an equal volume of PEI
(the exact amount of PEI depends on the N/P ratio) and left for 1 h incubation at room
temperature before use. The same protocols were used to prepare PEI-pDNA

complexes.
2.2.2 Chitosan

Chitosan was dissolved either in distilled water or acetate buffer (0.1 M sodium
acetate/0.1 M acetic acid, pH 4.5) to form different concentrations of chitosan solution,
ranging from 25-300 pg/ml. Chitosan-siRNA complexes were prepared by adding
chitosan solution drop-wise to an equal volume of siRNA solution (20 pg/ml) and
quickly mixed before incubating them at room temperature for 30 min. The final
volume of the mixture in each preparation was limited to below 500 pl in order to yield
uniform size nanoparticles. The same protocols were used to prepare PEI-pDNA

complexes.
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2.2.3 TAT-peptides

TAT-peptide-siRNA complexes were prepared by a simple-complexation
method. To prepare the complex, 20 pg/ml of siRNA in RNase free water was added to
a series of different concentration of TAT-peptide solution, ranging from 40 to 200
pg/ml in RNase free water. The addition of siRNA to the TAT-peptide solution was
performed drop-wise over a period of approximately 30 s before quickly mixing by
shaking the tube up and down for another 30 s. The mixture was then incubated at

room temperature for 30 min.

2.3 Preparation of cationic nanospheres

In this study, cationic nanospheres based on PLGA polymers were prepared
using a single emulsion method by manipulating the emulsification diffusion process.
However, the simple and mild method of ionic gelation was also used for the

preparation of chitosan nanoparticles.

2.3.1 Emulsification diffusion method

2.3.1.1 PLGA-PEI nanoparticles

The preparation method of PLGA-PEI nanoparticles was a modification of the
technique described by Bivas-Benita et al. (2004). Briefly, 1 ml of 10% (m/v) PLGA
50:50 2A in dichloromethane was stirred for 30 min. PEI solution in acetone was
prepared to a final concentration of 0.1% (m/v). PEI was then added to the PLGA
solution and their volumes were mixed according to the PLGA to PEI weight ratio of
29:1 and 59:1. Tween-80® was added to a final concentration of 1% (m/v) and acetone
added up to 5 ml. This organic phase was mixed and poured into an aqueous phase of
10 ml of 5% (m/v) PVA in double distilled water (in 50 ml tall beaker), followed by
sonication with 15% of the maximum amplitude in continuous mode using an
exponential probe with a diameter of 6 mm (Sanyo MSE Soniprep 150 with a frequency
of 23 kHz, Sanyo Gallemkamp PLC, Leicester, UK, figure 2.1) for 4 min. The
dichloromethane was then evaporated for 4 h before centrifuging (Centrifuge Sorvall
Combi Plus, Kendo, USA) at 20 000 rpm for 30 min twice. After centrifuging, the
particle suspension was freeze-dried using an Edward Freeze Dryer (Micro Modulo,

Edwards High Vacuum, England).
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Figure 2.1: Sonicator (Sanyo MSE Soniprep ISO, Sanyo Gallemkamp PLC,
Leicester, UK) used to prepare PLGA-PEI nanopartieles.

2.3.1.2 PLGA-chitosan nanopartieles

PLGA 50:50 2A was dissolved in ethyl acetate to produce 2.5 ml solution of2%
m/v. The organic phase was then added to 5 ml of aqueous phase, the mixture of 2%
m/v of PVA and 1.2% chitosan. Subsequently, the mixture was homogenised at 17 500
rpm for 5 min using IKA®-WERKE T25 Basic S2 homogenizer, Germany and (figure
2.2A, probe diameter: 6 mm). After 5 min, 30 ml of distilled water was added drop-wise
over a period of approximately 2 min under magnetic stirring and kept stirring at room
temperature for another 2 h. The nanopartieles were washed and harvested by
centrifugation (Centrifuge Sorvall Combi Plus, Kendo, USA) at 20 000 rpm for 25 min
at 10°C twice before freeze-drying using an Edward Freeze Dryer (Micro Modulo,
Edwards High Vacuum, England). For the nanopartieles collected by filtration, the
particles suspensions were filtrated using Amicon Stirred Cell (Model 8400, Millipore,
figure 2.2B) through Polyvinylidene fluoride (PVDF) membrane with 0.1 pm pore size.
Filtration was carried out until 10 times of particle suspension original volume by

continuously adding distilled water.
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Cap

mStirrer
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Figure 2.2: IKA -WERKE T2S5 Basic S2 homogenizer (A) and Amicon Stirred Cell
Model 8400, Millipore (B) used to create emulsion in particle preparation and to

wash as well as collect particles by filtration, respectively.

2.3.2 Ionic gelation of chitosan-TPP nanopartieles

Nanopartieles were produced based on modified ionic gelation of
tripolyphoshate (TPP) and chitosan as described elsewhere (Lopez-Leon et al. 2005).
Nanopartieles were spontaneously obtained upon the addition of 1.2 ml (I mg/ml) of a
TPP aqueous solution to 3 ml of chitosan solution (2 mg/ml) under constant magnetic
stirring at room temperature. For siRNA association with the chitosan nanopartieles
(chitosan-TPP with entrapped siRNA), siRNA in RNase free water (10 pg/ml) was
added to the TPP solution before adding the mixture drop-wise to the chitosan solution.
The particles were then incubated at room temperature for 30 min before use or further
analysis. Nanopartieles were collected by centrifugation at 13 000 X g for 10 min (IEC
Micromax, USA). The supernatants were discarded and nanoparticles were resuspended

in filtered (Millex® GP filter unit, Millipore, Ireland) RNase free water.

2.4 Determinaton of particle size

Particle size (Z-average diameter) and polydispersity (PI) of nanopartieles was
measured by photon correlation spectroscopy (PCS) method using Malvern Zetasizer® S
(Malvern, U.K) (figure 2.3A). Applications of this method are based on the fact that
light scattering occurs on polarised solid and liquid particles bathed in electromagnetic

field of light beam because of the difference in the dielectric properties of the material
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and the surrounding media, and the varying filed induces oscillating dipoles in the
particles radiating light in all directions. The intensity of scattered electromagnetic field
depends on the ratio between the particle size and the incident light wavelength (), and
at maximum ratio, the shorter the A value the smaller the particle. The short term
intensity fluctuation (dynamic) of the scattered light on the other hand arises from the
fact that the scattering particles are in the motion (e.g. Brownian motion for particle of 5
pm and below) or the particle motion under external forces (e.g. particle sendimentation
due to gravitation) where these motions cause short- term fluctuations in the measures

intensity of the scattered light (Gun’ko et al. 2003).

The measurements of particle size were made at 25° C in triplicate. For analysis
of particle size of PLGA-PEI, PLGA-chitosan before freeze-drying and chitosan-TPP
nanoparticles, 1 ml of particle suspension were diluted to 4 ml of RNase free water. On
the other hand, for lyophilized particles, a known amount of lyophilized particles (34
mg) was re-suspended in RNase free water (1.0 ml) and sonicated for 3 min prior to the
measurement using bath sonicator (Clifton Ultrasonic Bath) to achieve full re-dispersion
of the particles. Particle size was first measured using Malvern Mastersizer® to detect
the presence of any particle populations with extreme sizes, either too big or too small.
Particle size higher than 1 um was analysed using Mastersizer S® (Malvern, U.K)
(figure 2.3B) which suitable for the particle with the size range between 0.05-900 pm.
Meanwhile, particle size below 1 pm was analysed using Malvern Zetasizer® (Malvern,
U.K). On the other hand, no further dilution was performed for particles prepared by
simple complexation and the size of the complexes was determined using Malvern
System 4700c Submicron particle analyser (Malvern, U.K) which suitable for a lower
concentration of sample (100 pg/ml and below). To validate the techniques, standard

polystyrene beads were analysed before measuring the samples for each experiment.
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Figure 2.3: Malvern Zetasizer® S (A) and Mastersizer S (B), Malvern, U.K for

particle size measurement.

2.5 Zeta potential determination

The zeta potential of the nanoparticle suspension was measured using Malvern
Zetasizer® S (Malvern, U.K), after diluting the particles with RNase free water into the
appropriate concentration to yield a count rate per second (KCps) in the range of 2500-
3500. The instrument was calibrated routinely with a -50 mV of polystyrene standard
solution (Malvern). Data were collected for 10 cycles and a minimum of three

measurements was carried out on each sample. The measurements were made at 25° C.

2.6 Determination of particle morphology

Morphology of complexes or nanopartieles was investigated by two method of
microscopy. Transmission Electron Microscopy (TEM) and Scanning Electron

Microscopy (SEM).

2.6.1 Transmission Electron Microscopy

The morphology of the complexes was observed under a transmission electron

microscope (TEM). For TEM, samples were stained with 2% m/v of phosphotungstic
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acid and placed on copper grid with Formvar films for viewing under the TEM (Philips
CM12, Philips Co., Eindhoven, Netherlands).

2.6.2 Scan Electron microscopy

The morphology of the nanospheres was investigated by scanning electron
microscope (SEM) utilised a Philips XL30, Philips Co. (Eindhoven, Netherlands).
Briefly, dried particles were dried with Samdri 780 critical point dryer (Maryland,
USA) mounted onto an SEM stub with a double-sided carbon impregnated discs using a
fine hair painbrush. Samples were then sputter-coated with gold using an Emscope

Sputtering Coater (Ashford, UK) for 2 min at 30 mA before viewing under SEM.

2.7 Quantification of chitosan incorporated into PLGA particles

Incorporation of chitosan into PLGA particles was quantified using a modified
chitosan tritration assay as reported by Messai and Delair (2006) based on the use of
Orange IIC, an anionic dye which strongly absorbs at 505 nm and can form complexes
with ammonium groups of chitosan, hence reducing the absorbance. Free chitosan was
assayed according to a depletion method where PLGA-chitosan nanoparticles
supernatant of known volume after each washing was collected and 1 ml of the
supernatant was then added to 4 ml of Orange IIC dye in distilled water at a
concentration of 0.03 g/L. After that, the absorbance of the mixture was measured at
505 nm using a spectrophotometer (Varian, UK). The obtained absorbance values of the
sample were subtracted from the absorbance of a control or reference (supernatant of
PLGA nanoparticles without chitosan) to give the normalised absorbance of free
chitosan in the supernatant. The normalised absorbance of the sample was then
extrapolated to standard curves of absorbance to known concentrations of chitosan in
distilled water (0.01 to 0.1 mg/ml) in order to calculate the free chitosan concentrations
in the supernatant of which were then subtracted from the initial concentration of

chitosan added during particle preparation.

2.8 Preparation of phosphate buffer

Phosphate buffer was prepared by adding monobasic and dibasic sodium phosphate
stock solution. 0.2 M monobasic stock solution was prepared by disolving 27.6 g of

monobasic sodium phosphate (monohydrate) in water and after the salt was fully

46



Chapter 2 Materials and methods

dissolved, water was added up to 1 liter. Then, a dibasic 0.2 M stock solution was
prepared by dissolving 35.61 g dibasic sodium phosphate in water and water was further
added up to 1 liter. After that, 46 ml of monobasic and 4 ml dibasic sodium stock
solutions were mixed and water was added up to 100 ml to obtain a 0.1 M phosphate

buffer with the desired pH of 5.8.

2.9 Adsorption of siRNA or pDNA onto the particles

siRNA or pDNA was adsorbed onto the surface of various nanoparticles as

described below:
2.9.1 PLGA-PEI nanoparticles

siRNA adsorption onto PLGA-PEI nanoparticles was carried out in TE buffer or
phosphate buffer pH 7.4. A fixed amount of siRNA was added drop-wise to an equal
volume of various concentrations of PLGA-PEI nanoparticles depending on nitrogen to
phosphate ratio of PEI and siRNA (N/P ratio of 50:1 to 1:1). The suspension was then
briefly mixed and incubated at room temperature for 1 h. The same protocols were used

for pDNA adsorption.
2.9.2 PLGA-chitosan nanoparticles

siRNA adsorption onto the PLGA-chitosan nanoparticles was analysed as a
function of nanoparticles to siRNA weight ratio, ranging from 10:1 to 100:1. A fixed
amount of siRNA was added drop-wise to an equal volume of PLGA-chitosan
nanoparticles in TE buffer, pH 7.4 and the suspension was then briefly mixed and
incubated at room temperature for 1 h before use. The same protocols were used for

pDNA adsorption.

2.9.3 Chitosan-TPP nanoparticles

Chitosan nanoparticles were dispersed in RNase free water to yield a chitosan
concentration, ranging from 0.1-1 mg/ml. To adsorb siRNA onto the surface of chitosan
nanoparticles, chitosan suspension was added drop-wise to the siRNA in RNase free
water (10 pg/ml) and quickly mixed by inverting the interaction tube up and down.

Then, the particles were incubated for 2 h at room temperature before further analysis.
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2.10 Quantification of siRNA

Quantification of siRNA loading was determined by spectrophotometry. To
measure the loading of siRNA, chitosan-siRNA nanoparticles (entrapped or adsorbed
siRNA) were spun down at 13 000 X g for 10 min whereas PLGA-PEI and PLGA-
chitosan with adsorbed siRNA was spun at 10 000 X g for 5 min (IEC micromax,
USA). The supernatants were collected and siRNA content in the supernatants was
measured using a spectrophotometer (Varian, UK). Absorbance at 260 nm was
measured and supernatants collected from unloaded nanoparticles were used as a
reference. siRNA loading efficiency (%) was the amount of condensed siRNA,
(difference between the total amount of siRNA added for the nanoparticles preparation
and the amount of non-entrapped siRNA remaining in the supernatant) calculated as a

percent of the total amount of siRNA added.

2.11 Quantification of pDNA

2.11.1 Depletion Method

After adsorbing pDNA overnight, the particle suspension; either PLGA-PEI or
PLGA-chitosan with adsorbed pDNA, was centrifuged at 10 000 X g for 5 min (IEC
micromax, USA). The supernatant was taken off and put into a fresh 1.5 ml centrifuge
tube. This was then analysed by PicoGreen® assay (Molecular Probe) for DNA

quantification.
2.11.2 Extraction method

5 mg particles were resuspended in 500 pl of TE buffer and 500 pl of
chloroform were added to solubilize the microparticles. The mixture was vortexed
briefly and then shaken horizontally on the platform rocker (STR6, Bibbly, UK) at
ambient temperature for 20 min to facilitate the extraction of pDNA from the organic
phase into the aqueous supernatant (Barman et al. 2000). After 20 min, the suspension
was centrifuged at 10 000 X g for 10 min (IEC micromax, USA) and the aqueous layer
was taken off with a microtipped pipette. This extraction method was repeated by
adding 500 ul of fresh TE buffer, followed by vortexing and centrifuging. Then, the
aqueous layer was drawn off and put into a fresh centrifuge tube. All collected aqueous

layers were used for agarose gel electrophoresis (Bio-Rad wide Mini-sub cell G7
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electrophoresis box combined a Bio-Rad Power PAC200 power supply) for structural
integrity assays.

2.11.3 PicoGreen® assays

100 pl of TE buffer was added to aqueous supemnatant containing pDNA
extracted from microparticles. As per the manufacturer’s instructions (Molecular
Probes), stock picogreen reagent was diluted 1:200 in TE buffer and 100 pl was added
to each sample containing pDNA. Then, the solution was incubated in the dark at room
temperature for 5-10 min. The fluorescence of the pDNA/picogreen complexes was
measured using a fluorometer (Wallac Victor” 1420 Multilabel Counter) and the
concentration of pPDNA was calculated directly from a standard curve generated using

the average values of the pDNA standards.

2.12 Agarose gel electrophoresis

Agarose gel electrophoresis was used to assess the binding efficiency of siRNA
or pDNA to the nanoparticles. Different types as well as concentrations of gel were used
for siRNA and pDNA. For siRNA, Low Melting Point (LMP) agarose at high

concentration (4% m/v) was chosen as more suited to the small size of siRNA (21 bp).

2.12.1 siRNA

The binding of siRNA to the nanoparticles was determined by 4% agarose (low
melting point, Promega) gel electrophoresis (Bio-Rad wide Mini-sub cell G7
electrophoresis box combined a Bio-Rad Power PAC200 power supply). 20 pl of
sample was loaded with 1:6 dilution of loading dye (Blue/orange, Promega) to each
well and electrophoresis was carried out at a constant voltage of 55 V for 2 h in TBE
buffer (4.45 mM tris-base, 1 mM sodium EDTA, 4.45 mM boric acid, pH 8.3)
containing 0.5 pg/ml ethidium bromide (10 mg/ml, BDH). The siRNA bands were then

visualised under a UV transilluminator at wavelength of 365 nm.

2.12.2 pDNA

DNA condensation as well as the structural integrity of DNA complexed or
adsorbed onto particles was analysed via 1% agarose (LE, analytical grade) gel

electrophoresis (Bio-Rad wide Mini-sub cell G7 electrophoresis box combined a Bio-

49



Chapter 2 Materials and methods

Rad Power PAC200 power supply). 100 ml of Tris-Acetate (TAE) solution (0.04 M
Tris-Acetate, 0.002 M EDTA) was added into 1 g of agarose and this was boiled until
dissolved. Then, 5 pl of 10 mg/ml ethidium bromide stock (BDH) solution was added
into the cooled agarose solution to a final concentration of 0.5 pg/ml before pouring into
the gel cast. Samples or reference DNA (A DNA/Hind III, Fermentas) containing
loading dye (blue/orange, Promega) with a 1:6 dilution were loaded into each well of
the gel and the gel was run at 80 V for 1-2 h. After that, the gel was viewed under a UV
lamp at 365 nm.

2.13 DNase protection assays for pDNA

Loaded nanoparticles containing 20 pg/ml of DNA were diluted into 10 mM TE
buffer, pH 7.4. To activate DNase activity, 8 pl of DNase buffer 10 x (1 M Na-acetate,
50 mM MgCly) and 12 pl of DNase 1 solution (DNase I Boehringer Mannheim,
Germany) (50 IU/ml in 50 mM Tris—HCI pH 8, 100 mM KCI) was subsequently added
and this was incubated at 37 °C (Gallemkamp Orbital Incubator shaker, Gallemkamp
Instrument Inc., USA). Aliquots (100 pl) were taken at predetermined time points of 0,
30, 60, 90 and 120 min. 12 pl of stop solution (0.5 M EDTA, pH 8) was added to stop
DNase degradation and the samples were immediately put on ice. The DNA was
dissociated from the particles by adding 80 pl of heparin (1000 units/ml) and incubation

at 65°C overnight. Then, electrophoresis was carried out as section 2.11.2.

2.14 Serum protection assay for siRNA

Nanoparticles (200 pl, equivalent to 5 pg of siRNA) were incubated at 37°C
(Gallemkamp Orbital Incubator shaker, Gallemkamp Instrument Inc., USA). with an
equal volume of Dulbeco’s Modified Eagles Medium (DMEM) supplemented with 5
and 50% final concentration of foetal bovine serum. At each predetermined time
interval (0, 30 min, 2, 4, 7, 24, 48 and 72 h), 30 pul of the mixture was removed and
stored at -20°C until gel electrophoresis was performed. To terminate serum activity,
samples were incubated in a bath incubator at 80°C for 5 min and 5 pl heparin (1000
unit/ml) was added for displacing the siRNA from the nanoparticles. The integrity of
the siRNA was then analysed by 15% polyacrylamide gel containing 7 M urea and TBE
(0.089 M Tris base, 0.089 M boric acid, and 2 mM sodium EDTA, pH 8.3) buffer.

Polyacrylamide-Urea gel (15%) was used due to its high efficiency in separating
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small fragments of possibly degraded siRNA. Electrophoresis (Mini-PROTEAN 3
electrophoresis chamber combined a Bio-Rad Power PAC200 power supply) was
carried out with a 1X TBE (0.089 M Tris base, 0.089 M boric acid, and 2 mM sodium
EDTA, pH 8.3) buffer at a constant voltage of 200 V for 1 h. siRNA bands were
visualised under a UV transilluminator after staining for 40 min with a 1:1000 dilution

of SYBR-Green II RNA gel stain (Molecular Probes) prepared in DEPC treated water.

2.15 Determination of biological activity of pDNA and siRNA

2.15.1 Transfection studies for pDNA

Transfection studies were performed in HEK 293 cells. The cells were
maintained in Dulbecco's Modified Eagles Medium (DMEM, Sigma) supplemented
with 2 mM L-glutamine (200 mM, Sigma), 1% of penicillin (10 000 unit/ml) and
streptomycin (10 mg/ml) mixture (Sigma) and 10% fetal bovine serum (FBS, Sigma).
Cells were incubated at 37 °C in a humidified atmosphere containing 5% CO; and used
at appropriate degrees of confluence (90% cell confluency). For transfection
experiments, HEK 293 cells (2 x 10* per well) were seeded in a 48 well plate 24 h
before the transfection. Positive controls were carried out using Superfect (Qiagen) and
transfections of pDNA gWiz™ luciferase were performed as per manufacturer’s
instructions. pDNA loaded nanoparticles were diluted in DMEM without serum or
antibiotics to a final volume of 100 pl before adding to the wells. Then, cells were

incubated another 24 or 48 h to allow luciferase expression.

For luciferase expression analysis, the cells were washed twice with PBS and
lysed with reporter lysis buffer (Promega) according to the manufacturer's instructions.
Relative Light Units (RLUs) due to luciferase activity after adding 50 ul Luciferase
Assay Reagent (Promega, UK) to 20 ul cell lysate were measured with
chemiluminometer (Wallac Victor’ 1420 Multilabel Counter). RLUs were normalized
to protein concentration in the cell extracts. Protein concentration was measured using
the BCA (Bicinchoninic acid, Pierce) protein assay method, taking bovine serum

albumin (BSA, Sigma) as the standard for comparison.
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2.15.2 Gene knockdown studies for siRNA

In-vitro transfection studies were performed in CHO K1 and HEK 293 cells. The
cells were seeded in a 96-well plate at a density of 5000 cells per well in Opti-MEM 1
reduced serum medium (Invitrogen) containing 5% of FBS without antibiotics, 24 h
prior transfection to give 70% of cell confluency on the day of transfection. On the day
of transfection, the cells were co-transfected with pGL3-control and pRL-TK vectors
using Lipofectamine 2000™ according to the manufacturer’s instructions. After 4 h of
transfection, the medium was removed and the cells were washed twice with PBS,
followed by replacement of 100 pl fresh medium containing serum although removal of
medium is not required according to lipofectamine 2000 transfection protocols. 50 pl of
siRNA-nanoparticles in the medium without serum was then added to the cells and
incubated at 37°C with a 5% CO, atmosphere (CO; Incubator, Hertford, UK) for 24 or
48 h. Luciferase activities were determined using the Dual-Glo Luciferase Assay

System (Promega, UK).
2.15.3 RNA preparation and reverse-transcriptase PCR (rt-pcr)

Total RNA was prepared using the TRI Reagent® (Sigma, UK). The
concentration of RNA was measured by the absorbance at 260 nm using
spectrophotometer (Genespec 1, Japan), and RNA integrity was confirmed by
formaldehyde-formamide denatured agarose gel electrophoresis (Bio-Rad wide Mini-
sub cell G7 electrophoresis box combined a Bio-Rad Power PAC200 power supply).
One microgram of RNA isolated from each sample was used for cDNA synthesis. First-
strand ¢cDNA synthesis was primed with Anchored oligo (dT)3 and carried out
according to the manufacturer's two steps RT-PCR instructions (Enhanced Avian HS
RT-PCR Kit, Sigma, UK). The cDNA equivalent to 100 ng of total RNA was subjected
to subsequent PCR analysis which was performed in the presence of firefly luciferase
primers (forward: CCAGGGATTTCAGTCGATGT, reverse: AATCTCACGCAGG-
CAGTTCT) with an initial denaturation step of 2 min at 94 °C, followed by 50 cycles of
15 s denaturation at 94 °C, 50 s annealing at 55 °C and 1 min elongation time at 68 °C.
Finally, final extension step was performed at 68 °C for 5 min. As negative controls, an
identical set of reactions was set up without the addition of the cDNA. PCR reactions
for the actin control were carried out separately for 25 cycles with B-Actin Primer Pair

(Promega, UK). RT-PCR products were then electrophoresed on 4% agarose (LMP)
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gel electrophoresis (Bio-Rad wide Mini-sub cell G7 electrophoresis box combined a

Bio-Rad Power PAC200 power supply).

2.16 Cytotoxicity studies

The effect of nanoparticles on cytotoxicity was measured by determining cell
viability, calculated as a percentage of the cell viability of untreated/non-transfected
cells. Cells were seeded in a 96-well plate at a density of 5 000 cells per well in Opti-
MEM 1 reduced serum medium containing 5% of FBS and grown overnight. After 24
and 48 h post- incubation of siRNA-nanoparticles at 37°C, 20 pl of MTT (3-(4,5-
dimethyl-thiazol-2-yl)-2,5-diphenyl-tetrazolium bromide, Sigma, 5 mg/ml,) in sterile
filtered PBS was added to each well and then incubated for 4 h (CO2 Incubator,
Hertford, UK) to allow formation of formazan crystals. After 4 h, the unreduced MTT
and medium was removed and the cells were washed with PBS. 200 pl of DMSO was
then added to each well to dissolve the MTT formazan crystals and the plate was
incubated at 37°C for 5 min. The absorbance of formazan products was measured at 540

nm using a microplate reader (Wallac Victor2 1420 Multilabel Counter).
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Studies of physical and biological characteristics of PEI as delivery systems for
siRNA

Gene therapy based on siRNA has emerged as an exciting novel therapeutic
strategy over past few years. However, several biopharmaceutical problems such as
mnsufficient cellular uptake and poor accessibility have limited its usefulness. A number
of strategies have been utilised and one of them is biodegradable polymeric delivery
systems where PLGA has been extensively studied (Panyam and Labhasetwar 2003;
Hughes et al. 2001; Jain 2000) due to its relatively low toxicity and biological
compatibility. Where adsorption of siRNA on the surface of particles is desired, cationic
agents like PEI could be used to produce positively charged particles at physiological
pH and PEI’s ability to bind polyanions appears to be an important property to achieve
this goal. In this study therefore, PEI has been investigated for complexation with
siRNA and used as a surface modifier to produce biodegradable nanoparticles with
efficient and improved cellular penetration.

PEI (branched, 25 kDa) was complexed to siRNA by simple mixing to produce
PEI-siRNA complexes. Meanwhile, to obtain PLGA-PEI nanoparticles, PEI was
incorporated into the PLGA particles by a spontaneous modified emulsification
diffusion. The influence of certain parameters on nanoparticle characteristics was also
investigated where the resultant particles were subject to physical (particle size, surface
charge, ability to bind siRNA and stability in serum) and biological (transfection
efficiency and cytotoxicity) characterisations.

PEI has been shown to have the ability to complex siRNA by simple mixing.
Small and positively charged PEI-siRNA complexes were observed and their particle
size found to be between 100 to 200 nm depending on the N/P ratio of PEI to siRNA.
On the other hand, incorporation of PEI into PLGA particles (a PLGA to PEI weight
ratio 29:1) was found to produce smooth and spherical positively charged nanoparticles.
The particle size of PLGA-PEI nanoparticles has also been shown to be affected by
several parameters such as type of polymer, type and concentration of surfactant. A
smaller particle size around 100 nm was obtained when 5% m/v PVA was used as a
surfactant compared to poloxamer-188 or poloxamer-407 at the same concentration
which produced particle size about 500 and 700 nm, respectively. In addition, freeze-
drying was shown to induce these particle to aggregate and this could be prevented by
adding 10% glycerol before the process. Further studies showed that PLGA-PEI
nanoparticles (5% m/v PVA) were able to completely bind siRNA at N/P ratio 20:1 and
provided protection for siRNA against nuclease degradation for up to 24 h.
Experimental data from the cell cultured in-vitro studies subsequently revealed that
PLGA-PEI nanoparticles with adsorbed siRNA could efficiently transfect cells, better
than PEI alone, with no significant loss in cell viability.

PLGA-PEI nanoparticles have been found to be superior to its individual parent
compounds; PEI and PLGA particles. These particles therefore, have shown to have a
great potential to be a vector to deliver siRNA into cells in-vitro and provide more
opportunities for further investigation especially for their potential applications in-vivo.
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3 Studies of physical and biological characteristics of PEI as delivery systems for
siRNA

3.1 siRNA-PEI polyplexes

PEI has been known as an efficient gene carrier with a high cationic charge
density. In this study, branched PEI of 25 kDa was used because PEI in its branched
structure condensess to a greater extent than does linear PEI (Godbey et al. 1999).
Branched PEI is in fact, consists of 25, 50 and 25% of primary, secondary and tertiary
amines. The amine family is a family that have at least one sp3 hybridized Nitrogen
bonded to as few as one hydrocarbon group and as many as four hydrocarbon groups. If
one, two or three hydrocarbon group is bonded to the Nitrogen, it is classified as a
primary, secondary and tertiary amine, respectively. In addition, the Nitrogen atom of
the primary, secondary, and tertiary amines has a lone pair of electrons that is often in
the presence of a more acidic substance capable of donating the lone pair in forming a
fourth bonding pair. The use of the lone pair of electrons makes the Nitrogen electron
deficient and the Nitrogen atom would then possess a formal charge of +1 and would be
classified as a quarternary amine. The first three classes of amines are said to act as
weak Lewis Bases (electron donors) due to the presence of a lone pair of electrons that

can be donated to an acid.

Therefore, PEI has the ability to be protonated in a wide range of pH and the
majority of the amines will exist in a protonated state when the pK, value exceeds 9.
Futhermore, the primary amines of PEI are reported to participate in forming complexes
with DNA while secondary and tertiary amines are responsible for substantial
endosomal disruption after endocytosis due to their buffering effect at any pH under
physiological conditions (Ahn et al. 2002, Remy et al. 1998, Berh 1997). Therefore to
address the ability of PEI to deliver siRNA to the target cells, siRNA-PEI complexes
were prepared at different nitrogen to phosphate ratios of PEI to siRNA (N/P ratios).

The complexes were further characterised for physical and biological properties.
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3.1.1 Effect of nitrogen to phosphate ratio of PEI to siRNA on the physical

characteristics of siRNA-PEI complexes

In the presence of sufficient PEI, pDNA will condense (Godbey et al. 1999,
Dunlop et al.1997) and it has been shown that pDNA-PEI polyplexes with a small
particle size could be achieved by adjusting the molar ratio of PEI nitrogen atoms to
DNA phosphate (Clamme et al. 2003, Finsinger et al. 2000, Ogris et al. 1998, Boussif
et al. 1995). In this study therefore, siRNA-PEI polyplexes were prepared at different
N/P ratios, from as low as 2:1 to 25:1 in RNase free distilled water. These complexes
had a narrow particle size distribution and a measured particle size less than 200 nm

depending on N/P ratio except for the ratio of 2:1 as shown in the table below:

N/P ratio of PEI to siRNA Z-ave diameter, nm Polydispersity, PI
2:1 *4089 +186.3 1.00 £0.01
5:1 139 x1.5 0.14 £0.01
10:1 157 2.2 0.15+0.2
25:1 131 +0.8 0.15 £0.01

Table 3.1: Effect of N/P ratio on polyplexes particle size and size distribution (n=3)
as determined by Malvern System 4700c Submicron particle analyser (Malvern,

U.K). Keynotes: * particle size was inaccurate due to a high polydispersity index.

A great increased in particle size and polydispersity index of these complexes at
the ratio of 2:1 was observed and this may have been due to the aggregates formation
which arising from its relatively low particle surface charge of only +15.4 £0.1 mV. It
has been shown that particle surface charge is an important factor affecting the stability
of colloidal systems as less pronounced positive or negatively charge and neutral
particles tend to aggregate as a result of electrical repulsion reduction between
individual particles. It was also found that particle surface charge of the siRNA-PEI
complexes was increased from +15.4 £0.1 to +52.5 0.1 mV when the N/P ratio of the
complex was increased from 2:1 to 5:1. This was predicted as the numbers of free

protonated amine groups of PEI was increased with the increment of N/P ratio.

The morphology of the siRNA-PEI complexes are shown on figure 3.1. The

complexes were solid small rounded condensates around 150 nm for NP ratio of 5:1
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which described a complete binding of siRNA to PEI. It has been reported that complete
condensate had rounded forms while unsaturated condensate ranged from bundled,
folded loops or loose coils with isolated nodes of condensation (Dunlap et al. 1997).
This morphology therefore, illustrated sufficient interaction between siRNA and PEI
has taken place and these compact particles could provide some protection to the carried
siRNA from nuclease degradation. In agreement with particle size measurement using
PCS, the siRNA-PEI complexes at N/P ratio of 2:1 was aggregated as seen on the TEM

images.

5:1 N/P ratio
0

Figure 3.1: Effect of N/P ratio of PEI to siRNA on particle morphology of siRNA-
PEI complexes. The complexes with a N/P ratio 5:1 were solid small rounded
condensates but aggregation was seen for the complexes at a N/P ratio 2:1 which

thought to be due to a relatively less pronounce of its particle surface charge.

On the other hand, gel mobility shift was used to assess siRNA binding to the
PEI. A complete binding of siRNA to PEIl was achieved at a N/P ratio 5:1 as determined
by agarose gel electrophoresis (figure 3.2B). At below this point, siRNA was migrated
resulting in a band with a similar position to the control siRNA, indicating the presence
of free siRNAs which had been released or not bound to the PEI. On the other hand,
siRNA complexed with PEI at the N/P ratio 5:1 (figure 3.2, Lane B2) could not be

stained by ethidium bromide which suggesting that siRNA was completely and tightly
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complexed with PEI and therefore it was not accessible for the dye to intercalate
siRNA.

3.1.2 Comparison of physical characteristics of siRNA- to plasmid DNA-PEI

complexes

The results obtained from the characterisation of both siRNA- and pDNA-PEI
complexes, showed no significant difference in particle size for the studied N/P ratios
except for the N/P ratio of 2:1 where aggregation was observed for siRNA-PEI
complexes. No obvious aggregation was observed at this ratio (2:1) for pDNA
polyplexes as at this point, the polyplexes had a pronounced positive charge of +25.2
+0.4 mV. The strong positive surface charge of pDNA-PEI complexes induced
repulsion interactions among the particles and resulted in a more stable colloidal system
than siRNA-PEI complexes which consequently prevented aggregation. The size and

surface charge of the pPDNA polyplexes are shown below:

N/P ratio of PEI to | Z-ave diameter, nm | Polydispersity, PI | Surface charge, mV
plasmid DNA + (SD)
25:1 139 £5.5 0.18 +£0.02 +33.2+1.2
10:1 126 £3.3 0.11 +£0.01 +34.3+0.4
S:1 178 +£10.2 0.28 +£0.01 +34.4+0.4
2:1 335432.6 0.25 £0.05 +25.2+0.3

Table 3.2: Influence of PEI to pDNA N/P ratio on particle size as well as size
distribution and surface charge of pDNA-PEI complexes determined by Malvern
System 4700c Submicron particle analyser and Malvern ZetaMaster®, respectively

(n=3).

Moreover, pDNA could completely bind to PEI at a lower N/P ratio than
siRNA-PEI complexes (1:1) as shown below. These results apparently illustrated that
pDNA had better interaction with PEI polymer than siRNA. One reason that could
explain this was the ability of pDNA to condense once 70-90% of its phosphate groups
were interacted with amine groups of PEL In contrast, siRNA had no such effect as its

linear structure might be responsible for the difficulty of siRNA in binding to the PEL
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Besides, a much larger molecular size of pDNA than siRNA was thought to be
attributed to the increase efficiency of pDNA binding to PEI since it has a larger
binding surface compared to siRNA. When comparing ratio of PEI to polyanion
molecule, one molecule of PEI could interact ~33 times more siRNA molecules
compared to pPDNA molecule due to a smaller molecule weight of siRNA (21 bp) than
pDNA (6732 bp). Therefore, ratio of PEI to siRNA molecule (0.07:1) was lower than to
pDNA (23:1) which supporting why PEI-siRNA complexes have a larger particle size
than PEI-pDNA complexes.

Decreased fluorescent intensity which was seen for PEI-pDNA complexes with
N/P ratio 5:1 (figure 3.2, Lane A9) on the other hand, was thought to be due to the
shielding effect of the complexation molecule which restricted the ethidium bromide
dye to contact with pDNA. However, it was suggested that binding of the bromophenol
blue dye to the complexes could absorb fluorescent light during visualisation which
might also attribute to the decreased fluorescent intensity on the gel (Shah et al. 2000).
In addition, smearing appearance of some bands was also indicated heterogeneity in

electrophoretic behaviour (charge/mass) (Medberry et al. 2004).
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Legends:
1: Lambda DNA/ Hind HE
2: Free pDNA
3: N/P ratio 0of0.02:r
linear 4; N/P ratio of0,1:1
5: N/P ratio 0of 0.2:1
6:N/P ratio 0of0.3:1 ~ PEI-pDNA
7: N/P ratio of 0.5:1
8:N/P ratio of 1:1
9: N/P ratio of 5:1

sup ei coiled

Legends:

1: DNA ladder (100 bp)

2: N/P ratio 5:1

3: N/P ratio2:1

4: N/P ratio 1:1

5: N/P ratio 0.5:1 ~ PEI-siENA
6:N/P ratio 0f0.3:1

7: N/P ratio 0f0.2:1

8: Free siRNA

Figure 3.2: Binding efficiency of pDNA (A) and siRNA (B) to the PEI at various
N/P ratios. Electrophoresis was carried out using 4 % agarose (LMP) gel in TAE
buffer (0.04 M Tris-Acetate, 0.002 M EDTA) and TBE buffer (4.45 mM tris-base, 1
mM sodium EDTA, 4.45 mM boric acid, pH 8.3) containing 0.5 pg/ml ethidium
bromide at pH 8 for pDNA and siRNA, respectively. 20 pi of sample was loaded to
each well with 1:6 dilution of loading dye (Blue/orange, Promega) and
electrophoresis was carried out at a constant voltage of 80 and 55 V for pDNA and
siRNA, respectively. Complete binding of pDNA and siRNA to the PEI were at a
N/P ratio 1:1 and 5:1, respectively.
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Figure 3.3; Comparison of particle morphology of pDNA-PEl complexes (A) and
siRINA-PEI complex (B) at N/P ratio of 10:1.

3.2 PLGA-PEI nanoparticles

It has been mentioned in previous chapter that PEIl could be incorporated into
the polymeric particles such as FLA or PLGA particles to improve bioavailability, drug
loading efficiency and to achieve control release of the encapsulated drugs. In this
study, PEI was also incorporated into PLGA particles and these particles were prepared
by a spontaneous émulsification diffusion method. Since acetone was used in this
method, particle formation was observed immediately after mixing the organic and
aqueous phase together because acetone is highly soluble in water which could rapidly
diffuse into the aqueous phase. Attempts were made in this study to produce particles of
less than 1 pm diameter (preferably less than 500 nm). The advantages of such
nanoparticulate systems includes relatively higher intracellular uptake than
microparticles. Furthermore, nanoparticles are readily to be taken up by the Peyer’s
patches in the GALT (gut associated lymphoid tissue) after oral administration and
better suited for intravenous delivery due to the fact that the smallest capillaries in the
body are 5-6 pm in diameter. Therefore, the size of particles must be less than 5 pm to
prevent embolism (Hans and Lowman 2002, Gref et al. 1995). From the other physio-

chemical aspects, zeta potential (surface charge), loading efficiency and release profiles
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are among the most important characteristics of nanoparticles in order to successfully

deliver bioactive materials to the target cells.
3.2.1 Effect of formulation parameters on PLGA-PEI nanoparticles

It was reported that the particle size and surface charge of PLGA could be easily
adjusted by modifying preparation parameters (Shakweh et al. 2005). In this study, the
modification of certain parameters was investigated to determine their influence on the
physical characteristics of PLGA-PEI nanoparticles such as particle size, surface charge
and morphology. Parameters investigated included PLGA to PEI weight ratio, type and
concentration of surfactant amongst others which will be discussed further in the

following sections.
3.2.1.1 PLGA to PEI weight ratio

The amount of PEI added to the PLGA 50:50 2A was expected to affect not only
the cationic density of nanoparticles but also particle size and morphology. Therefore,
the amount of PEI added was specified as PLGA to PEI weight ratio, ranging from 59:1
to 5:1 that equivalent to 5-50 mg of PEI in 295-250 mg of PLGA. For this experiment,
poloxamer-188 (0.5% m/v) was used as a surfactant. Increasing the amount of PEI in
the PLGA, it has been shown resulted in the reduction of particle size by more than 2-
fold from 661 to 253 nm.

A reduction in the particle size of PLGA-PEI nanoparticles was observed with
the increase amount of PEI added. Lyophilised form of these nanoparticles with a high
content of PEI (more than 10 mg of PEI or PLGA-PEI weight ratio 29:1) however,
could not be further analysed due to the difficulty to resuspend them in aqueous media.
This was corroborated with the SEM studies where these nanoparticles (more than 10
mg PEI) did not exhibit a regular morphology in their freeze-dried form which could be
due to the disruption in particle stability during freeze-drying by the high viscosity of
PEIL Therefore, only PLGA-PEI weight ratios of 29:1 and 59:1 were used for the
following experiments. Particle size shown below was measured before washing by
filtration (figure 3.4). A slight increased in particle size after the washing procedure was
observed which were 570 £30.2 and 705 +42.1 nm for PLGA to PEI weight ratio of
29:1 and 59:1, respectively. However, severe aggregation was observed for all the tested

particles after freeze drying process where particle size was increased to around 4.1
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+0.35 pm for both PLGA-PEI| weight ratios 29:1 and 59:1 as measured by Mastersizer**

(Malvern, U.K).

Z-average Polydispersity
Morpholo .
p £y diameter, nm (PI)
29:10fPLGA to PEIl weight ratio

562 +£28.7 0.24 £0.2
59:1 of PLGA to PEI weight ratio

661 +36.9 0.3 £0.2

Figure 3.4: Effect of PLGA to PEI weight ratio on partiele size (n=3) and
morphology of PLGA-PEI nanoparticles by Malvern Zetasizer® and SEM,

respectively. Particles were prepared using 0.5% m/v poloxamer-188 as stabiliser.

Determination of particle surface charge of PLGA-PEI nanoparticles was a
crucial step to evaluate the capability of sSiRNA adsorption via ionic interaction on the
particle surface as well as to determine the potential stability of the colloidal system in
the aqueous phase. The results indicated that particle surface charge was influenced by
the PLGA-PEI weight ratio. Only particles with the incorporation of PEI at lower than a
PLGA to PEIl weight ratio of 29:1 produced a positive charge. On the other hand,
particles with plain PLGA had a negative surface charge around -24.6 +0.7mV. The
negative value ofthe plain PLGA was attributed to the presence of earboxylie groups on
its backbone whereas the positive surface charge of the PLGA-PEI nanoparticles was a

result of the PEI orientation on the surface of the particles since PEI has a very high
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amine density. The surface charge of PLGA-PEI nanoparticles at different PLGA-PEI

weight ratios are shown below:

-10.8
8J59:1
2
<
& 29: 44.6
a.
o
0 59.4
% 11:1
f . 63.6

-20.0 -10.0 0.0 10.0  20.0 30.0 40.0 50.0 60.0 70.0

Particle surface charge, mV

Figure 3.5: Effect of PLGA to PEI weight ratio on the particle surface charge of
PLGA-PEI nanoparticles stabilised by poloxamer-188 at 0.5% m/v (n=3).
Standard deviation was £1.1, 1.3, £0.5 and +0.2 for the PLGA to PEI weight ratio
of 5:1, 11:1, 29:1 and 59:1, respectively.

3.2.1.2 Type and concentration of surfactant

In the émulsification diffusion method, the stabilisation of droplets by the
stabiliser after the diffusion process is important to avoid coalescence and the formation
of agglomerates during solvent removal and polymer solidification (Kwon et al. 2001,
Hsu et al. 1999). In this study, poloxamer (Poloxamer-188 and Poloxamer-407) and

PVA (13-23 kDa and 30-70 kDa) were studied as stabilisers at different concentrations.

3.2.1.2.1 Poloxamer

Poloxamer is made up of hydrophilic block copolymers of ethylene oxide (EO)

and propylene oxide (PO) (figure 3.6). The important difference between these
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structures is the additional methyl group of the PO unit, which makes it more
hydrophobic, while the EO unit is more hydrophilic. Therefore, the hydrophobic
sections of the polymer which contain PO units can be used to adsorb and anchor the
molecule to the nanoparticle surface, while the hydrophilic EO can extend into solution
and shield the surface of the particle (Owen III and Peppas 2006). These block
copolymers are also able to adsorb strongly to microspheres surface as well as sterically
stabilize the surface even after extensive washing with water and they have been

reported to inhibit neutrophil phagocytosis of microspheres (Jackson ez al. 2000).

~tenenot- —-{—cnchﬂzo-};
CH,

poly(ethylene glycol)  poly(propylene glycol)

HO-[{CH2CH20}-[CHCH20]o-[CH2CH20]a-H
!

CHs
PEO-PPO-PEOQ (poloxamer) copolymer

Figure 3.6: Poly(ethylene glycol) and poly(polypropylene glycol) molecular

structures of poloxamer and their copolymer.

These polymeric surfactants proved to be superior to the conventional non-ionic
surfactants in maintaining the physical stability of the emulsions (Vasiljevic et al. 2006,
Tadros et al. 1995). Poloxamer-188 and -407 used in this study were different in

molecular and percentage of polyethylene—glycol polymers as shown in the table below:
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Molecular weight, percentage of
gram/mole polyethylene—glycol
polymers
Poloxamer-188 8436 81.8+1.9
Poloxamer-407 12330 73.2+1.7

Table 3.3: The difference properties of poloxamer-188 and -407 used in the study.

Three different concentrations were used in the preparation of PLGA-PEI
nanoparticles which were 0.5, 2 and 5% m/v. Independent of the molecular weight of
the poloxamer, the increment of poloxamer concentration apparently had no effect on
particle size of PLGA-PEI nanoparticles with a PLGA to PEI weight ratio 29:1,
however it reduced the particle size of 59:1 PLGA to PEI weight ratio from 661 to 445
nm for poloxamer-188 and from 1240 to 511 nm for poloxamer-407. The details of their
effects on particle size and size distribution of PLGA-PEI nanoparticles are shown in

table 3.4.

Poloxamer-188
PLGA to PEI 29:1 PLGA to PEI 59:1
concentration, Z-ave Polydispersity Z-ave Polydispersity
%m/v diameter, nm (PD) diameter, nm (PD)
0.5 562 +50.2 0.24 +0.03 661 +25.6 0.30+0.01
2.0 567 +£35.6 0.40 +0.13 413 £10.2 0.53 +0.24
5.0 545 £22.5 0.65 +0.11 445 +4.5 0.40 +0.11
Poloxamer-407
PLGA to PEI 29:1 PLGA to PEI 59:1
concentration, Z-ave Polydispersity Z-ave Polydispersity
Y%m/v diameter, nm (PI) diameter, nm (PY)
0.5 701 +£56.3 0.35 +£0.09 1240 £112.3 0.37 +0.02
2.0 739 +44.3 0.48 +0.08 683 +23.3 0.55+0.13
5.0 705 £33.6 0.73 0.1 511 +11.5 0.48 +0.05

Table 3.4: Effect of type and concentration of poloxamer on particle size of PLGA-

PEI nanoparticles as determined by Malvern Zetasizer® (n=3).

From the table above, the size distribution of the particles was however

increased with the increase of poloxamer concentration and this could be obviously
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observed from the images of SEM (figure 3.7). Furthermore, these findings described
that poloxamer-188 was more effective in stabilising the emulsion during particle
preparation than poloxamer -407 as it produced smaller and more homogenous
nanoparticles. A larger particle size for the PLGA-PEI nanoparticles stabilised by
poloxamer-407 was also thought to be related to a longer chain length of polyethylene
oxide segment of the poloxamer -407 (average number of ethylene oxide -200 units)
compared to poloxamer-188 (average number of ethylene oxide -153 units) (Dunn et al.

1997).

%

Figure 3.7: Effect of surfactant concentrations on the morphology of PLGA-PEI
nanoparticles of 59:1 weight ratio after freeze-drying. A: 0.5% m/v poloxamer-188,
B: 2% m/v poloxamer-188.

Particle surface charge of the PLGA-PEI nanoparticles at a weight ratio of 29:1
was positively charge; +37.6 £0.6, +59.7 +0.35 and +55.1 + 0.8 mV for 0.5, 2 and 5%
m/v of poloxamer-188, respectively while negative values of particle surface charge (-
30.5 to -10.8mV) were observed for PLGA-PEI weight ratio of 59:1 for all the tested
poloxamer-188 concentrations. Similar results were obtained for PLGA-PEI
nanoparticles made using poloxamer-407 as the particle surface charge was in the range
of +48.0 £1.5 mV (0.5% m/v) to +50.7 £1.2 mV (5% m/v) for a weight ratio of 29:1

and -32.3 1.1 (0.5% m/v) to -19.3 £0.87 mV (5% m/v) for a weight ratio of 59:1.

A decrease of particle surface charge of PLGA-PEI nanoparticles at a weight
ratio of 59:1 with the increasing concentration of poloxamer was due to the increase of

adsorbed poloxamer onto the particle surface which screened the charge arising from
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amino and carboxylic groups from PEI and PLGA, respectively. Nevertheless, these
results were also indicating that poloxamer as a stabiliser had less effect on particle
surface charge where nanoparticles had a PLGA to PEI weight ratio of 29:1. From
these results, it can be concluded that the PLGA-PEI weight ratio plays a more
important role in determining the particle surface charge of these PLGA-PEI

nanoparticles.
3.2.1.2.2 Polyvinyl alcohol

Polyvinyl alcohol (PVA) is a commonly used non-ionic stabiliser for preparing
nanoparticles using emulsification techniques. When the emulsion is formed, the
hydrophobic backbone of PVA partitions into the organic phase, while the hydrophilic
hydroxyl side chains partition into the aqueous phase (Keegan ef al. 2006). In this study
a series of PVA concentrations, ranging from 0.5 to 5% m/v was studied to determine
its effects on particle size of PLGA-PEI nanoparticles (PLGA-PEI weight ratio 29:1).
Particle size was found to be greatly reduced after increasing PVA concentration from
0.5 to 5% m/v. In addition; PVA with molecular weight of 30-70 kDa was more
effective than a molecular weight of 13-23 kDa in reducing particle size. The details of

particle size and polydispersity of PLGA-PEI nanoparticles are shown below:

13-23 kDa 30-70 kDa
PVA Z-ave Polydispersity Z-ave Polydispersity
concentration, | diameter, nm (PI) diameter, nm (PI)
Y%m/v
0.5 605 £12.1 0.41 £0.01 437 +9.8 0.50+0.12
2.0 195 £13.3 0.08 +0.07 161 +£9.3 0.08 +£0.02
5.0 117 +1.8 0.10 +0.02 97 +4.9 0.08 +0.02

Table 3.5: Effect of PVA molecular weight and concentration on particle size of
PLGA-PEI nanoparticles at a PLGA to PEI weight ratio 29:1 as determined by
Malvern Zetasizer® before washing (n=3). A smaller particle size and PI were

observed with the increase of PVA concentration from 0.5 to 5 % m/v.

The reduction of particle size by increasing PVA concentration was thought to
be due to the increasing viscosity of the aqueous phase since the viscosity of the

aqueous phase of an emulsion affects the Reynolds number, thus the droplet break-up is
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governed by laminar or turbulent flow (Leroux et al. 1995). In addition, by increasing
stabilizer concentration of PVA, more stabilizer molecules are adsorbed on the

interfaces of emulsion droplets, providing increased protection against coalescence and

resulting in smaller emulsion droplets.

HO
CH,
AeCH He OH "cOH
"CH
'CHM \H.-CH2 HCH n 1
PVA molecule ce

Figure 3.8: Schematic representation of molecular orientation of PVA bound to
PLGA molecules at the surface of PLGA nanoparticles. A hydrophobic bonding
between the hydroxyl groups of PVA molecules to the acetyl groups of PLGA
results in strong adsorption of PVA on the surface of PLGA nanoparticles

(courtesy of Murakami et al. 1999)

Increasing the concentration of PVA resulted in a reduction of the particle
surface charge of PLGA-PEI nanoparticles. The value of PLGA-PEI nanoparticles
(PLGA to PEI weight ratio of 29:1) surface charge stabilised by PVA with molecular
weight of 13-23 kDa was +46.1 +1.2, +40.1 1.2 and +37.4 +1.0 mV for 0.5, 2.0 and
5.0% m/v, respectively. The decrease of particle surface charge of these nanoparticles
correlated with the increase of PVA adsorbed onto the surface of nanoparticles which
shifts the shear plane outwards, resulting in a reduction of zeta potential (figure 3.8)
(Dunn et ai. 1997). A decrease in particle surface charge was also observed for the
PLGA-PEI nanoparticles stabilised by PVA with higher molecular weight of 30-70

kDa.

3.2.1.3 PLGA polymer

In the émulsification diffusion method, preparation of conventional oil in water
(o/w) emulsion is the most important step that determines the final size of nanoparticles

besides rapid diffusion of solvent from the emulsion droplets upon the addition of
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water. Therefore, the organic phase consisting of polymer and solvent plays an
important key in the preparation of the emulsion. In fact, particle size has been reported
could be affected by the polymer structure which differed in polarity or molecular
weight (Cegnar et al. 2004). Previous researchers have also synthesized PLGA
nanoparticles by the emulsification diffusion method and they reported that as the
PLGA concentration in the organic phase increases, the mean size of the resultant
PLGA nanoparticles increases due to the increase viscosity of the organic phase that
increases resistance to shear forces (Kwon et al. 2001). On the other hand, Cegnar et al.
(2004) reported that polymer with free carboxyl end group are more hydrophilic and
formed smaller particle size with better polydispersity index than esterified polymer.

In this study, three different types and molecular weight of PLGA 50:50 were
studied; 2A (14 kDa), 3A (47 kDa) and 4A (58.8 kDa). Those polymers were
“uncapped” or contain different numbers of free carboxylic acid end groups which are
represent as ‘A’and this number increases with the increment of free carboxylic acid
groups. To evaluate their effects on particle size as well as surface charge of PLGA-PEI
nanoparticles (PLGA-PEI weight ratio 29:1), poloxamer-188 was used as stabiliser at a
concentration of 0.5% m/v. In agreement with the previous studies, a reduction of
particle size was observed with the increase of PLGA molecular weight (Murakami et
al. 1997) and degree of “uncapped” end group (Cegnar e al. 2004). However, these
results were different from the study reported by Kwon et al. (2001) which reported
otherwise. The particle size and surface charge of the resultant PLGA-PEI nanoparticles

using different types of polymer are shown below:

Polymer type Z-ave diameter, nm | Polydispersity, PI Particle surface
charge, mV
SD(z)
2A (14 kDa) 562 +50.2 0.24 +£0.03 +37.6 £0.6
3A (47 kDa) 533+42.4 0.23 £0.006 +51.9 +0.8
4A (58.8 kDa) 473 +48.7 0.24 +0.07 +55.7+1.0

Table 3.6: Effect of polymer type on particle size and surface charge of PLGA-PEI

nanoparticles determined by Malvern Zetasizer® (n=3).
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From the above table, independent of type of polymer, particle surface charge of
PLGA-PEI nanoparticles was positively charged, ranging from +38 to +56 mV. These
findings demonstrated that particle size and surface charge of PLGA-PEI nanoparticles
were affected by the types of PLGA which were studied in this experiment. The
increment of particle surface charge with the increase of "uncapped" end groups was
expected since a higher number of free earboxylie groups within PLGA molecular
structure could efficiently interact with PELs amino groups once they were ionized
upon contact with water. On the other hand, images from SEM showed that,
independent of polymer type, these particles were round and had a smooth surface

morphology as shown below:

'rftrv - jfnrM jgn MM Wil

Figure 3.9: SEM images of PLGA-PEI nanoparticies made of PLGA 50:50 3A and
4A.

3.2.1.4 Lyoprotectant agent

The stability of vectors such as nanoparticies can be improved by freeze-drying
or lyophilization. This process converts a solution of labile materials into solids of
sufficient stability for distribution and storage (Abdelwahed et al. 2006, Frank 1998).
The advantage of lyophilised products over liquid formulations includes the freeze-dried
products are less susceptible to mechanical stresses during shipping and handling
because of the removal of air-water interface. Besides, collision between particles in
lyophilised form is also greatly reduced which therefore reduces aggregation compared

with liquid formulation (Randolph 1997). The induction of particle aggregation
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however has been reported as one of the drawbacks of the freeze-drying process. It is
thought that this may arise from ice crystallisation during the freeze-drying process
which then leads to the phase separation of nanoparticles (Abdelwahed et al. 2006).
Moreover, this procedure seems to generate a variety of freezing and drying stresses
(surface-induced effects, concentration effects and temperature-induced thermodynamic
effects) which induce surface modification of the particles leading to the formation of

aggregates (Konan ef al. 2002, Randolph 1997).

A significant increase in particle size of the freeze-dried form of PLGA-PEI
nanoparticles was also observed in this study. Independent of the type or concentration
of stabiliser used in the particle preparation, the size of the particles was increased 6-
fold after the freeze-drying process. For example, the particle size of PLGA-PEI
nanoparticles (PLGA to PEI weight ratio of 29:1) stabilised by poloxamer-188 at
concentration of 0.5% m/v was greatly increased from 560 nm (before washing/ freeze-
drying) to 3400 nm after freeze-drying. The increment of the pérticle size was thought
to be due to the formation of aggregates induced by the freeze-drying process because
after two cycles of centrifugation, this process was shown to contribute only slightly to

an increase in particle size (774 nm) compared to particle size after freeze-drying.

Excipients used to protect bioproducts during freezing and drying process must
form a glassy solid with a glass transition temperature (Tg) that is higher than planned
storage conditions when in dried form (Randolph 1997). Numerous studies have shown
that lyoprotective agents (LPAs) such as sugars (e.g. mannitol, glucose and trehalose)
could protect particles from aggregation during the freeze-drying process (Konan et al.
2002). These sugars are favoured as excipients because they are chemically harmless
and can be easily vitrified during freezing (Franks 1998). This lyoprotective effect has
been attributed to the ability of the sugar to form a glassy amorphous matrix around the
particles which subsequently prevents the particles from sticking together during the
removal of water (Konan et al. 2002, Carpenter et al. 1997, Randolph 1997, Ford and
Dawson 1993). In this study, various types of LPAs were added to the particle
suspensions before freeze-drying to determine their effects on preventing particle
aggregation induced by the freeze-drying procedure. The sugars investigated were
glucose, mannitol and trehalose at various amounts between 5 to 35% of total polymer

used in the particle preparation. These sugars have advantages and disadvantages which
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are listed in the table 3.7. Nevertheless, the results obtained were frustrating as none of

the above sugars could prevent particle aggregation induced by freeze-drying.

Lyoprotectant Advantages Disadvantages
agent

Glucose ~Inhibit protein unfolding | ~Have the propensity to

(Carpenter et al. during lyophilisation. degrade protein.

1997)

Mannitol ~Tend to crystallize during | ~Inadequate stability during
lyophilisation and form a | processing or storage in the

Carpenter et al. ) . .

(199;1; rea mechanically strong cake. dried solid when used alone

Trehalose ~Higher Tg at any moisture | ~Greater propensity to phase

(Randolph 1997) | content thus is easier to | separate from polymer during

lyophilise. freezing and drying.

~more resistant to acid
hydrolysis unless very low pH
are employed (around or
below pH 4)

Table 3.7: Advantages and disadvantages of several lyoprotectant agents based on

polysaccarides.

In several studies have shown that glycerol could be used as an effective LPA.
Therefore, a study to determine the effectiveness of glycerol in protecting PLGA-PEIL
nanoparticles during freeze-drying was carried out by adding 10% glycerol (m/m
glycerol to polymer) to plain PLGA-PEI particles before the process. It was found that
glycerol was effective in preventing particle aggregation during the freeze-drying
process depending on the type and concentration of stabiliser used in particle

preparation.
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Figure 3.10: Effect of glycerol on particle size of PLGA-PEI nanoparticies (PLGA
to PEI weight ratio of 29:1) after freeze-drying (n=3) as determined by Malvern
Zetasizer®. Particle size of PLGA-PEI nanoparticies which higher than 1 pm was
further analysed using Malvern Mastersizer® where the size was 4 +0.35, 2.3 +0.15
and 1.7 £0.3 pm, for lyophilised particles made using poloxamer-188 (0.5% m/v),
poloxamer-188 (5%m/v) and poloxamer-407 (5% m/v = 10% glycerol),

respectively.

From the graph, it could be seen that by increasing the concentration of
poloxamer-188 from 0.5 to 5% m/v, nanoparticies became more stable which could
resist the increment of particle size, arising from particle aggregation induced by high
speed centrifugation (20 000 rpm). The increment of adsorbed poloxamer-188 on the
surface of nanoparticies however could not further protect these particles from the
freezing and drying stresses of the freeze-drying process which resulted in the formation
of aggregates. The addition of glycerol to the particle suspension was found to prevent
particle aggregation as no significant increase in particle size was observed for the
freeze-dried samples. Therefore, the addition of glycerol was necessary in order to
protect these nanoparticies during the freeze-drying process although nanoparticies had

been stabilised during the émulsification step.
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In contrast to poloxamer-188, poloxamer-407 appeared to be less effective in
protecting particles from the centrifugation process as a significant increase in particle
size was observed after centrifugation. The addition of glycerol also had less effect in
preventing particle size from increasing after freeze-drying. Furthermore, glycerol as an
additive had no effect on particle surface charge of PLGA-PEI nanoparticles as well as
their capacity to adsorb pDNA onto the surface of PLGA-PEI nanoparticles. In this
study, siRNA was adsorbed after freeze-drying to avoid exposure to any possible
stresses related to freezing and drying processes (temperature and concentration
changes) which may lead to siRNA denaturation or rapid release of siRNA from the
particles. The particle surface charge and pDNA loading efficiency of PLGA-PEI
nanoparticles (PLGA to PEI weight ratio of 29:1) are shown below:

Poloxamer-188 Plain particles 10% glycerol
conco/ennt:/atlon, Particle surface pDNA Particle surface | pDNA loading
o /v charge, mV, loading charge, mV, efficiency,
SD (%) efﬁcjency, SD () o
%
0.5 +37.6 £0.60 | 43.6+£22.3 +32.7 +£0.70 43.8 +8.2
2.0 +59.7 £0.35 98.6 +15.2 +54.3 £0.10 98.1£2.5
5.0 +55.1 +0.80 | 99.1+£20.3 | +57.1+0.65 98.3 £5.7

Table 3.8: Effect of glycerol on particle surface charge and pDNA loading
efficiency of PLGA-PEI nanoparticles (n=6).

3.2.2 siRNA adsorption onto the surface of PLGA-PEI nanoparticles

In this study, only particles with size of around 100 nm were chosen for siRNA
adsorption and therefore only particles made from PLGA-PEI with the weight ratio of
29:1 and stabilised by PVA were used. siRNA adsorption was carried out in RNase free
water and the adsorption was done by varying the N/P ratio of PLGA-PEI nanoparticles
to siRNA, ranging from 1:1 to 50:1. Adsorption efficiency of siRNA onto the particles
was then determined by 4% agarose (LMP) gel electrophoresis. Immobilization of
siRNA by the PLGA-PEI nanoparticles only could be secen when the N/P ratio was
approaching 20:1 (figure 3:11), indicating siRNA could only be completely adsorbed

onto the particles starting at this point and onwards. This ratio was much higher than the
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N/P ratio of siRNA-PEI complexes (5:1). This was expected due to the partial exposure
of PEI on the surface of PLGA-PEI nanoparticies; a portion of the amino groups of the
PEI can be expected to interact with the earboxylie groups of PLGA or be buried inside
the particles. Heparin was added to the sample suspensions to show the presence of
siRNA adsorbed onto the particles. The migration of siRNA with the addition of
heparin therefore confirmed the presence of siRNA on the surface of the particles as
shown on figure 3.11. The heparin was used because it is an anion that could
competitively displace siRNA from the PLGA-PEI nanoparticies, thus releasing siRNA

from the particles.

4 56 7 8 P 10111213 1415 Legends:

: Free siRNA

: N/P ratio of 50:1

: N/P ratio 0f40:1

N/P ratio of 20:1

: N/P ratio of 10:1 "LGA-PEI-siRNA
: N/P ratio of 5:1

: N/P ratio of 3:1

8 N/P ratio of 1:1

9-15: as above except 5pi of heparin

(1000 lu/ml) was added

N oA W~

Figure 3.11: Effect of N/P ratio PLGA-PEI to siRNA on efficiency of siRNA
adsorption onto the PLGA-PEI nanoparticies made using PVA (MW: 30-70 kDa).
Electrophoresis was carried out using 4% agarose (LMP) gel in TBE buffer (4.45
mM tris-base, 1 mM sodium EDTA, 4.45 mM boric acid) containing 0.5 pg/ml
ethidium bromide at pH 8. A complete binding of siRNA to the PLGA-PEI

nanoparticies was achieved at a N/P ratio 20:1.

On the other hand, immobilisation of pDNA adsorbed onto the surface of
PLGA-PEI nanoparticies was observed starting from the N/P ratio of PLGA-PEI
nanoparticies to pDNA of 10:1 (figure 3.12). This value was much lower than siRNA
adsorbed onto the PLGA-PEI nanoparticies, illustrating that PEI was less efficient in

complexing siRNA than pDNA as explained in the previous section.
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Figure 3.12: Binding efficiency of pDNA adsorbed onto the PLGA-PEI
nanoparticies made using PVA (MW: 30-70 kDa) at various N/P ratios.
Electrophoresis was carried out using 1% agarose (LE) gel in TAE buffer (0.04 M
Tris-Acetate, 0.002 M EDTA) containing 0.5 pg/ml ethidium bromide at pH 8. A
complete binding of pDNA to the PLGA-PEI nanoparticies was achieved at a N/P

ratio 10:1.

pDNA loading efficiency of PLGA-PEI nanoparticies was also determined by
PicoGrcen® assays. The results indicated that independent of molecular weight of PVA,
pDNA loading efficiency was increased with increasing of PVA concentration as shown
in table 3.9. Similar results were obtained for PLGA-PEI nanoparticies stabilised by
poloxamer-188 and -407. pDNA loading efficiency of PLGA-PEI nanoparticies
(poloxamer-188) was increased from 46% (0.5% m/v) to 78% (5.0% m/v) with
increasing stabiliser concentration. Besides this, it was also dependent on the PLGA to
PEIl weight ratio of PLGA-PEI nanoparticies as lower pDNA loading efficiency was

obtained for PLGA to PEI weight ratio of 569:1 than 29:1; 34 and 40% for 0.5 and 5.0%

m/v, respectively.
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pDNA loading efficiency, %
PVA concentration, %m/v PVA (13-23 kDa) PVA (30-70 kDa)
2.0 69.4 £12.8 65.6 £12.2
5.0 72.4 £20.1 72.2 +8.8

Table 3.9: Effect of PVA concentrations on pDNA loading efficiency of PLGA-PEI
nanoparticles with adsorbed siRNA at N/P ratio of 3:1 (n=3).

Therefore, analysis of siRNA loading efficiency adsorbed onto the PLGA-PEI
nanoparticles was performed using PLGA-PEI nanoparticles prepared from the highest
concentration of PVA (5% m/v, MW: 30-70 kDa) and siRNA was adsorbed onto the
particles at different N/P ratios. siRNA loading efficiency was then determined by
spectrophotometry and the results showed significantly increased siRNA loading
efficiency from N/P ratio of 10:1 to 15:1 by 1.84-fold. In agreement with the results
obtained from the gel retardation assays, 100% of siRNA loading efficiency was
achieved at N/P ratio of 20:1 as at this point, sSiRNA was completely bound to the
PLGA-PEI nanoparticles.

3.2.2.1 Adsorption medium

siRNA adsorption onto the PLGA-PEI nanoparticles was expected to occur via
electrostatic interaction between negatively charged siRNA and positively charged
PLGA-PEI nanoparticles. It was shown that 20% of the amine groups are positively
charged at pH 7 and 45% at pH 4.5. In this study, siRNA was adsorbed onto the PLGA-
PEI nanoparticles in phosphate buffer 0.2 M at pH 7 and 5.8 (the lowest pH of
phosphate buffer that could be prepared in this study) to determine the effects of pH on
siRNA adsorption. A N/P ratio of 10:1 was chosen in this study as at this ratio, siRNA
was not completely bound to PLGA-PEI nanoparticles in RNase free water as shown in
previous experiments. The use of a low N/P ratio was expected to make the evaluation
of pH in improving siRNA adsorption easier than at a higher N/P ratio, for example N/P
ratio 20:1 as at this point, siRNA was completely adsorbed to the particles even in
RNase free water and would be difficult to evaluate any improvement in siRNA loading

efficiency.
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The results from spectrophotometry revealed that the siRNA loading efficiency
adsorbed onto the PLGA-PEI nanopartieles was greatly increased by adsorbing siRNA
onto the particles in phosphate buffer 0.2 M regardless the pH of the phosphate buffer

(pH 7 or pH 5.8).
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Figure 3.13: Influence of adsorption medium on the siRNA loading efficiency
adsorbed onto the PLGA-PEI nanoaparticles (n=3). Distilled water used in this

study was RNase free.

The significant increment of siRNA loading efficiency was thought to be due to
the presence of phosphate salt in the adsorption medium. It was shown by Rehmet and
Killman that polymer at the particle surface was influenced by salt concentration as in
the presence of salt, a loop and tail conformation of the long polymer chain was
obtained due to the screening of the colloidal charge. In contrast, in the absence of salt,
the conformation of polymer was flat, arising from the charge neutralization (Trimaille
et al. 2003, Rehmet and Killman 1999). Therefore, the loop and tail conformation of
PEI at the surface of particles was expected to facilitate the accessibility of siRNA to
attract and interact with amino groups of PEl and form complexes. Furthermore, an
increased siRNA loading efficiency in the presence of salt was thought to be due to a
higher melting temperature (Tm) of siRNA in salt (-72.3 °C) than in RNase free water

(~46.1°C). Tm is the temperature which half the oligo strands are hybridized to
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complementary sequences and another half are free in solution as single strands.
Therefore, siRNA is more susceptible to denture into single strands in water, thus it may
require twice as many binding sites with PEI compared to in the presence of salt and
this could also affect siRNA stability and efficacy in inducing RNAi. The pH of the
adsorption medium however, had less effect on siRNA loading efficiency adsorbed onto

the PLGA-PEI nanoparticles as shown in the figure 3.13.

The conformation of PEI in the presence of salt was therefore thought to explain
the higher siRNA loading efficiency in phosphate buffer than RNase free water because
PLGA-PEI nanoparticles had a negative particle surface charge either dispersed in
phosphate buffer at pH 7.4 or 5.8. The value of the particle surface charge was -3 mV
and -1 mV for pH 7.4 and 5.8, respectively compared to +30 mV in RNase free water.
The reduction of particle surface charge of PLGA-PEI nanoparticles in phosphate buffer
was due to the screening of the colloidal charge by the salt. This was confirmed by the
increment of particle surface charge to +11 and +18 mV for PLGA-PEI-siRNA
nanoparticles previously adsorbed in phosphate buffer pH 7.4 and pH 5.8, respectively

upon re-suspending nanoparticles pellets in distilled water after centrifugation.

3.2.3 Effect of ionic strength on the colloidal stability of PLGA-PEI nanoparticles

Stabilisation of a colloidal system was shown arising from either electrostatic or
steric repulsion which is dependent on added electrolytes and changes in solvency as
well as molar mass of the polymer, respectively (Lourenco ef al. 1996). The stability of
PLGA-PEI nanoparticles in the presence of salt was investigated by incubating the
particles in the increasing molar concentration of phosphate buffer from 0.0125 to 0.2
M at pH 7.4 and 5.8. Experimental data from this study shown that the increment of
particle size induced by salt concentration was only observed at pH 7.4 and no such
effect was observed at pH 5.8 (figure 3.14). The increase of the particle size at pH 7.4
was arisen from the particle aggregation in order to compensate for the increase of ionic
strength. This could be achieved by forming larger particles to reduce surface area and
subsequently, to increase the charge density of the original particles. At pH 5.8
however, amino groups of PEI from PLGA-PEI nanoparticles were highly protonated
which attributed to a higher surface charge density and could therefore, resist an

alteration in ionic strength by the addition of salt.
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Figure 3.14: Effect of ionic strength on colloidal stability of PLGA-PEI
nanoparticles at pH 7.4 and 5.8 (n=3).

Moreover, interaction of siRNA with PLGA-PEI nanoparticles at N/P ratio of
20:1 appeared to be not affected by the increasing molar concentration of sodium
chloride (0.0125-0.2 M) as determined by the gel retardation assay. In this experiment,
increasing molar concentration of sodium chloride was added to the PLGA-PEI with
adsorbed siRNA and this was incubated at room temperature for 2 h. The results
showed that no free siRNA was observed to be caused by desorption of siRNA from the
particles induced by the increasing salt concentration even at the highest salt
concentration (0.2 M) studied in this experiment. This indicated that the interaction
between siRNA and PLGA-PEI nanoparticles was not solely through electrostatic
interaction but may also involve hydrogen and hydrophobic interactions since PLGA
had carbonyl moiety (-C=0) as well as hydroxyl group (-OH) in its structure which
could permit additional stabilisation to the complex (Medberry et al. 2004).

3.2.4 Serum protection of PLGA-PEI nanoparticles with adsorbed siRNA

A possible therapeutic application of siRNA requires that siRNA remains intact
in physiological environment. In the blood siRNA is exposed to serum RNase known to
degrade single stranded RNA as well as dsRNA although the extent of degradation is
different between single and double stranded (Haupenthal er al. 2006). Assessment of
the ability of PLGA-PEI nanoparticles in protecting adsorbed siRNA from nuclease
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degradation was performed by incubating these particles in DMEM medium containing
10% of FBS at 37°C for up to 48 h. PLGA-PEI with adsorbed siRNA at N/P ratio of
20:1 was chosen because at this ratio, complete binding of siRNA was achieved as
determined earlier. The resqlts obtained elucidated that siRNA was protected against
nuclease activity for up to 24 h for PLGA-PEI nanoparticles when PVA with a
molecular weight of 13-23 kDa was used as stabiliser whereas naked siRNA was fully
degraded after 30 min incubation in serum indicating the vulnerability of siRNA in a
serum surrounding. In contrast, PLGA-PEI nanoparticles made of PVA with molecular
weight of 30-70 kDa were superior to those made with 13-23 kDa PVA in protecting

siRNA as it was protected from nuclease mediated degradation for up to 48 h.

Nevertheless, these results were inconclusive because the bright bands on the
top of the gel (in the well) were thought to be due to the presence of siRNA that were
interacted with the serum proteins (eg. albumin) during incubation. Therefore, siRNA
was unable to migrate through the gel during electrophoresis and the actual degradation
kinetics of siRNA might be inaccurate. These were applied to all the serum protection

assays performed in this study.
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Figure 3.15: Effect of serum (10% FBS in DMEM) on the stability of siRNA
adsorbed onto the PLGA-PEI nanopartieles at 37°C. The integrity of siRNA was
analysed by 15% polyacrylamide gel containing 7 M urea and THE (0.089 M Tris
base, 0.089 M boric acid, and 2 mM sodium EDTA, pH 8.3) buffer. siRNA bands
were visualised under a UV transilluminator after staining for 40 min with a
1:1000 dilution of SYBR-Green II RNA gel stain (Molecular Probes) prepared in
DEPC treated water.
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3.3 In-vitro studies

3.3.1 Biological studies of siRNA-PEI complexes and PLGA-PEI with adsorbed
siRNA

Biological studies of siRNA adsorbed onto the surface of PLGA-PEI
nanoparticles were assessed in two types of cells, HEK 293 and CHO K1 cell lines. In
this study, only particles with a particle size around 100 nm were used and this could be
achieved by preparing PLGA-PEI nanoparticles of 29:1 weight ratio using PVA as a
stabiliser. In previous studies, PVA with either molecular weight of 13-23 kDa or 30-70
kDa at a concentration of 5% m/v was shown to produce nano-size range particles of
around 100 nm. Therefore, these particles were tested for their ability to deliver siRNA
by varying their N/P ratio from 25:1 to 50:1 PLGA-PEI nanoparticles to siRNA.

3.3.1.1 Effect of N/P ratio and stabiliser on siRNA silencing

In HEK 293 cells, a very high gene silencing effect of the targeted gene was
observed after 24 h post-transfection for all of the cells treated with siRNA adsorbed
onto the PLGA-PEI nanoparticles. For the particles prepared using PVA with molecular
weight of 13-23 kDa, 99% of gene downregulation of the targeted gene was observed at
N/P ratio of 25:1 and the gene downregulation effect was slightly reduced to 96 and
87% for N/P ratio of 35:1 and 50:1, respectively. In contrast, particles prepared using
PVA with a molecular weight of 30-70 kDa showed an increase of gene downregulation
with the increase of N/P ratio from 25:1 (28.1%) to 50:1 (97.1%) at 24 h post-
transfection. Interestingly, PLGA-PEI nanoparticles appeared to be more efficient than
PEI as a delivery system for siRNA because only 29% of targeted gene downregulation
was observed for siRNA-PEI complexes (N/P ratio of 10:1).

However, no significant reduction in the gene silencing effect was seen after 48
h post-transfection. Less than 30% of the gene silencing effect was measured for the
cells treated with siRNA adsorbed with PLGA-PEI nanoparticles and no gene silencing
effect was observed for the particles at N/P ratio of 50:1 made using PVA with a
molecular weight of 13-23 kDa at this time point. On the other hand, siRNA-PEI
complexes showed an increased effect of gene downregulation by 0.58-fold at 48 h
post-transfection. Furthermore, PLGA-PEI nanoparticles were comparable to the

positive control, Lipofectamine 2000 as a transfection agent for siRNA at 24 h post-
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transfection. Dependent on N/P ratio of PLGA-PEI with adsorbed siRNA and molecular
weight of PVA used in the particles preparation, these particles have even shown a
better gene silencing effect than Lipofectamine 2000 as shown in the figure 3.16 (one
way Anova, followed by Post hoc multiple comparison test, p< 0.05 ).

Moreover, the graph showed no significant downregulation of targeted gene for
naked siRNA and mismatch siRNA complexed to Lipofectamine 2000. This highlighted
that the naked siRNA could not silence the targeted gene inside the cells. This might be
because naked siRNA is not resistant to exposure to nuclease mediated degradation
and/or may be unable to cross the lipid bilayer of the cell membrane. The findings also
show that the gene silencing effect was specific to the target gene as no significant
reduction in luciferase protein was observed when the cells was treated with mismatch

siRNA complexed to Lipofectamine 2000.

Investigation was further performed by detecting luciferase gene using RT-PCR
technique from extracted total RNA of the cells treated with different formulations (at
24 h post-transfection) where the cells transfected with pGL3 and non-treated cells were
used as negative controls. On the other hand, Lipofectamine 2000-siRNA complexes
were used as a positive control and an overall experiment was controlled by detecting B-
actin gene. In this experiment, the absence of the bands for luciferase was observed for
both Lipofectamine-2000-siRNA complexes (positive control) and PLGA-PEI
nanoparticles with adsorbed siRNA. This therefore, illustrated that the silencing of the
targeted gene was occurred at mRNA level of the cells treated with Lipofectamine-
2000-siRNA complexes as well as PLGA-PEI nanoparticles with adsorbed siRNA
which therefore supported the results obtained in the previous studies using luciferase

protein assays.
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Figure 3.16: Relative Response Ratio of PLGA-PEI nanopartieles with adsorbed
siRNA in comparison to siRNA-Lipofectamine 2000 complexes in HEK 294 cells
(n=9). Experiments were performed on growing cells at 5 X 10" cell/ well. PLGA-
PEI nanopartieles appeared to be more efficient than PEI in transfecting cells with
siRNA and showed a camparable effect with Lipofectamine 2000 (Invitrogen).
Keynotes: Lipo-siRNA= Lipofectamine 2000-siRNA complexes, Lipo-siRNA M=
Lipofectamine 2000-siRNA mismatch complexes and pGL3= control cells without
siRNA treatment.
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Figure 3.17: RT-PCR of total RNA extracted from HEK 293 cells treated with
different formulations at 24 h post-transfection. RT-PCR analysis shows a
reduction of mRNA level for firefly luciferase after treatment with the siRNA
delivered by PLGA-PEI nanopartieles or Lipofectamine 2000 (invitrogen)
meanwhile PEI-siRNA complexes and siRNA alone show a minimal mRNA
reduction. B-actin was used as an internal experimental control. Keynotes: pGL3=
cells transfected with pDNA encoded firefly luciferase without siRNA treatment
(negative control), non-treatment control = non-treated cells either with pDNA or
siRNA (negative control), Lipo-siRNA= Lipofectamine 2000-siRNA complexes
(positive control), PLGA-PEI-siRNA= PLGA-PEI nanopartieles (PVA 13-23 kDa
was used as stabiliser) with adsorbed siRNA (N/P ratio 35:1) and PEI-siRNA=
PEI-siRNA complexes (N/P ratio 10:1).

3.3.1.2 Effect of cell line on siRNA silencing

In aCHO K1 cell line, PLGA-PEI nanopartieles were less effective in delivering
siRNA into the cells, as a lower gene silencing effect was observed compared to HEK
293 cells. At 24 h post-transfection, only 54 and 15% of gene downregulation was
achieved for a N/P ratio of 35:1 and 50:1 respectively for the PLGA-PEI nanopartieles
prepared using PVA with molecular weight of 13-23 kDa whereas 13 and 20% gene
silencing was observed for PVA molecular weight of 30-70 kDa for the same N/P ratio
as above, respectively. Similar to the results obtained from the HEK 293 cells, the gene
silencing effect of sSiRNA adsorbed onto the PLGA-PEI nanopartieles made using PVA
with a molecular weight of 13-23 kDa was reduced for both N/P ratios of 35:1 (32 %)
and 50:1 (11 %) at 48 h post-transfection. In contrast, PVA with a molecular weight of

30-70 kDa facilitated slightly increased silencing of the targeted gene at 48 h post-
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transfection for both N/P ratios of PLGA-PEI nanopartieles with adsorbed siRNA as

shown in the figure below:
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Figure 3.18: Gene silencing effect of PLGA-PEI nanoparticles with adsorbed
siRNA and siRNA-PEI complexes in CHO K1 cells (n=9). Experiments were
performed on growing cells at 5 X 10" well. Keynote: pGL3= control cells without

siRNA treatment.

In comparison to Lipofectamine 2000, PLGA-PEI nanopartieles with adsorbed
siRNA were less efficient in delivering siRNA in the CHO K| cells. However, these
particles showed comparable ability in silencing the targeted gene compared to siRNA-
PEIl complexes at 24 h post-transfection for PLGA-PEI nanopartieles made using PVA
with a molecular weight of 13-23 kDa and at 48 h post-transfection for 30-70 kDa PVA

as shown in figure 3.19.
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Figure 3.19: Relative Response Ratio of PLGA-PEI nanopartieles with adsorbed
siRNA in comparison to siRNA-Lipofectamine 2000 complexes (n=9) in CHO Kl
cells. Experiments were performed on growing cells at 5 X 10"/ well. Keynotes:
Lipo-siRNA=  Lipofectamine  2000-siRNA  complexes, Lipo-siRNA M=
Lipofectamine 2000-siRNA mismatch and pGL3= control cells without siRNA

treatment.

3.3.2 Transfection efficiency of PLGA-PEI nanopartieles with adsorbed pDNA

3.3.2.1 Effect of PLGA to PEI weight ratio

In comparison to pDNA, to deliver siRNA to the target site of action is easier in
cultured cells because they are small and only need to cross the cell membrane but not
the nuclear membrane. Therefore, to transfect the cultured cells with the pDNA were
predicted to be more difficult to achieve than siRNA. A previous study that had been
done showed that the transfection efficiency of pDNA was dependent on the PLGA to
PEI weight ratio of PLGA-PEI nanopartieles. A weight ratio of 29:1 resulted in higher
expression of luciferase protein in HEK 293 cells than a 59:1 PLGA to PEI weight ratio.
An increase in transfection efficiency of pDNA with the decrease of PLGA to PEI

weight ratio was due to the higher amount of free PEI that could interact with the
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negatively charged cell surface and facilitate the release of pDNA from Recticulum

Endothelium System (RES) through the ‘proton sponge’ effect.
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Figure 3.20: Effect of PLGA to PEI weight ratio of PLGA-PEI nanopartieles
(poloxamer-188, 5% m/v) on pDNA transfection in HEK 293 cells at 24 h post-
transfection (n=3). Experiments were performed on growing cells at 2 X 10% ml/
well. Luciferase protein expression was measured using Luciferase assay Reagent
(Promega). RLUs were normalised to total protein concentration in the cell

extracts. Non-treatment cells were used as a negative control.

3.3.2.2 Effect of stabilisers

It was shown that a certain amount of stabiliser used in the particles preparation
could be retained on the surface of the particles. Therefore, different types of PLGA-
PEl nanopartieles, particularly those made using different stabilisers used were
investigated for their effects on pDNA transfection efficiency. As predicted, poloxamer-
188 showed a higher luciferase protein expression than poloxamer-407. This could be
due to the smaller particle size and better stability of the particles stabilised by
poloxamer-188 than poloxamer-407 which could be more easily to be taken up by the

cells. However, the pDNA transfection efficiency of DNA/ superfect complexes was
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much greater than these PLGA-PEI nanopartieles with adsorbed pDNA at 24, 48 and 72
h of post-transfeetion. Furthermore, a reduction of pDNA activity was observed with
time for all the samples. The activity of pDNA-superfeet complexes was reduced by
0.85-fold at 72 h post-transfection whereas 0.33 and 0.75-fold reductions in pDNA
activity were observed for poloxamer-188 and -407, respectively at 72 h post-
transfection. The transfection efficiency of pDNA with the different stabilisers used in

the particles preparation at 24 h post-transfeetion is shown below:
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Figure 3.21: Effect of stabiliser types on pDNA transfection of PLGA-PEI
nanopartieles with adsorbed pDNA (N/P ratio of 10:1) and stabiliser concentration
used was 5.0% m/v (n=3). Experiments were performed on HEK 293 growing cells
at 2 X 10/ ml/ well. Luciferase protein expression was measured using Luciferase
assay Reagent (Promega). RLUs were normalised to total protein concentration in

the cell extracts. Non-treatment cells were used as a negative control.

Another study was carried out to determine the effect of PLGA-PEI
nanopartieles stabilised by PVA of different molecular weight. In this study, low
transfection of cells with pDNA was obtained for pDNA adsorbed onto the PLGA-PEI
nanopartieles compared to pDNA-PEI complexes at the same N/P ratio. pDNA
adsorbed onto the PLGA-PEI nanopartieles stabilised by alower molecular weight PVA
had the highest activity at 48 h post-transfeetion (except for N/P ratio 15:1) whereas at

24 h post-transfeetion for a higher molecular weight of PVA. Nevertheless, a reduction
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of pDNA activity was observed for all the samples at 72 h post-transfection. These
findings therefore confirmed that there were more difficulties in transfecting the cells
with pDNA compared to siRNA. Nevertheless, the silencing effects generated by two
systems using synthetic siRNA and pDNA encoded siRNA are not comparable. The
pDNA encoded siRNA would generate an amplification step in the cells that would
result in generation of siRNA or even protein and it may last longer than synthetic

siRNA.
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Figure 3.22: pDNA transfection efficiency of PLGA-PEI nanopartieles with
adsorbed pDNA at different N/P ratio at 24, 48 and 72 h post-transfection (n=3).
Experiments were performed in HEK 293 growing cells at 2 X 10/ ml/ well.
Luciferase protein expression was measured using Luciferase assay Reagent
(Promega). RLUs were normalised to total protein concentration in the cell
extracts. Non-treatment cells were used as a negative control. Luciferase protein
expression was measured using Luciferase assay Reagent (Promega). Non-

treatment cells were used as a negative control.
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3.4 Cytotoxicity effect

Cytotoxic effects of PLGA-PEI nanopartieles as a delivery system for siRNA to
the cells was investigated in cell lines, HEK 293 and CHO K| using MTT assays. The
MTT assay is a simple colorimetric method to measure cytotoxicity, proliferation, or
cell viability where metabolically active cells are able to convert this dye into a water-
insoluble dark blue formazan by reductive cleavage of the tétrazolium ring. Formazan
crystals are then, can be dissolved and quantified by measuring the absorbance of the
solution at 570 nm, and the resultant value is related to the number of living cells
(Pozzolini et al. 2003, Mosmann 1983). The results obtained revealed that the loss of
cell viability depended on N/P ratio of PLGA-PEI nanopartieles with adsorbed siRNA
and molecular weight of PVA used as stabiliser during the particles preparation. In both
cells lines, 15-25% of cell loss was observed at 24 h post-incubation with PLGA-PEI
nanopartieles with adsorbed siRNA. In HEK 293 cells, the loss of cell viability was
increased with the increasing PLGA-PEI to siRNA ratio. However, the effect was
transient as the cell viability was increased at 48 h post-incubation but the cell recovery
was apparently slightly slower for the cells treated with PLGA-PEI nanopartieles made

using PVA with higher molecular weight compared to the lower molecular weight.
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Figure 3.23: Toxicity effect of PLGA-PEI nanopartieles with adsorbed siRNA in
HEK 293 cells at 5 X 10"/ well, n=3. Keynotes: M siRNA: Mismatch siRNA.
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In contrast to HEK 293 cells, loss of cell viability in CHO K| cells appeared to
be insensitive to the molecular weight of PVA but highly dependent on PLGA-PEI
nanopartieles to siRNA N/P ratio. Almost 25% loss of cell viability was observed for
N/P ratio of 50:1 compared to less than 15% cell loss at 35:1. As predicted from the
previous results, the percentage of cell viability was increased at 48 h post-incubation
for cells incubated with PLGA-PEI nanopartieles with adsorbed siRNA illustrating the

recovery of the cells.
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Figure 3.24: Toxicity effect of PLGA-PEI nanopartieles with adsorbed siRNA in
CHO K1 cells at 5 X 10V well (n=3). Keynotes: Lipo-siRNA= Lipofectamine 2000-
siRNA complexes and Lipo-siRNA M= Lipofectamine 2000-siRNA mismatch.

3.5 Conclusions

PEI has been shown to have the ability to deliver both pDNA and siRNA into
cells. Modifieation of PLGA nanopartieles by incorporating PEI as well as optimisation
of their preparation process (émulsification diffusion method) have led to a formation of
a better delivery system for siRNA with a higher transfection efficiency compared to its
parent compunds; PEI polymer. The smallest and uniform positively charged particle

size of PLGA-PEI nanopartieles prepared using émulsification diffusion method was

94



Chapter 3
Studies of physical and biological characteristics of PEI as delivery systems for siRNA

obtained when PVA was used as a surfactant at a concentration of 5% m/v with a PLGA
to PEI weight ratio 29:1. The adsorption of siRNA onto the surface of PLGA-PEI
nanoparticles was highly dependent on the N/P ratio of PLGA-PEI nanoparticles to
siRNA and a full or complete binding of siRNA could be achieved at a N/P ratio 20:1
and above. In addition, N/P ratio plays a very important factor in detemining the
capability of PLGA-PEI nanoparticles to transport siRNA into cells, where a N/P ratio
35:1 was found to be efficiently delivered siRNA into its target sites, thus exerted
siRNA effects by knocking-down the targeted gene. PLGA-PEI nanoparticles were also
found to have a relatively low cytotoxicity which therefore, it has a great potential to be

used therapeutically.
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Manipulation of chitosan as safer carriers for siRNA

Polycationic polymers, particularly chitosans have been extensively explored for
delivering nucleic acids due to their advantages such as low toxicity, biodegradability
and biocompatibility. Chitosans possess a high density of protonated amino groups
which allow it to form non-covalent intra-polyelectrolyte complexes with negative
charges on polyanions. These complexes provide protection of nucleic acids from
nuclease degradation thereby resulting in high delivery efficiency. Therefore, chitosan is
a suitable candidate for an effective gene delivery system for siRNA. Several methods
have been reported for the preparation of chitosan based nanoparticles. These methods
include ionic cross-linking, chemical cross-linking and the use of emulsification, for
example, to produce cationic PLGA nanoparticles.

In this study, three different methods have been extensively investigated: simple
complexation, ionic gelation using TPP ions and an emulsification diffusion method to
produce PLGA-chitosan nanoparticles. For simple complexation and ionic gelation,
both methods produced nanosize particles, less than 500 nm depending on type,
molecular weight as well as concentration of chitosan used. In the case of ionic gelation,
two further factors namely chitosan to TPP weight ratio and pH affected the particle
size. In-vitro studies in two types of cell lines, CHO K1 and HEK 293 have revealed
that the preparation method of siRNA association to the chitosan plays an important role
on the silencing effect. Chitosan-TPP nanoparticles with entrapped siRNA are shown to
be better vectors as siRNA delivery vehicles compared to chitosan-siRNA complexes
possibly due to their high binding capacity and loading efficiency. On the other hand,
PLGA-chitosan nanoparticles obtained from the emulsification diffusion method are
positively charged with particle size between 0.6 to 1 um depending on type and
molecular weight of chitosan as well as PLGA polymer. Despite their high particle
surface charge and stability in serum, this system is unable to successfully deliver
siRNA as confirmed by observation of a lower knock-down of the targeted gene (less
than 30%) compared to chitosan-TPP nanoparticles with entrapped siRNA (more than
90%).

Different methods of particle preparation have been shown to produce different
physical and biological characteristics of chitosan nanoparticles. Chitosan-TPP
nanoparticles with entrapped siRNA obtained by ionic gelation have been described to
be an ideal delivery system for siRNA into cells and have promising prospects for use
as therapeutic agents.
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4 Manipulation of chitosan as safer carriers for siRNA

Several methods can be used to prepare chitosan into particles including ionic
gelation (Gan et al. 2005, Vila et al. 2004, Li et al. 2003), desolvation (Mao et al.
2001), ionic complexation (Huang et al. 2005, Kim et al. 2005, Ishii et al. 2001),
covalent cross-linking and self assembly using of chemical modifications. In this study,
simple complexation and ionic gelation were chosen to prepare chitosan—siRNA
complexes or nanoparticles since both processes are simple and mild (Agnihotri et al.
2004, Shu et al. 2004, Liu et al. 1997, Polk et al. 1994). In addition, the use of
tripolyphosphate (TPP) as a polyanion to cross-link with the cationic chitosan,
particularly through electrostatic interaction could avoid possible toxicity of reagents
used in chemical cross-linking (e.g. glutaraldehyde). Modulation of size and surface
charge of the particles also could be easily done using both methods (Gan et al. 2005,
Shu and Zhu. 2000), by adjusting certain process parameters such as chitosan

concentration and stirring rate.

4.1 Chitosan-siRNA complexes by simple complexation

Chitosan-siRNA complexes can be formed through electrostatic interaction
between positively charged chitosan and negatively charged siRNA. Such complexes
are very easy to synthesize, simply by mixing a solution of chitosan with siRNA. These
complexes were found to depend on certain parameters such as chitosan to siRNA
concentration ratio, type and molecular weight of chitosan but were less affected by pH

of solution or medium used to prepare the complexes.
4.1.1 Particle size

Particle size and shape play an important role in transferring genes to cells and
they also greatly influence particle distribution in the body (Gref et al. 1995). It has
been reported that particles in the nanometer size range have a relatively higher
intracellular uptake compared to microparticles (Bivas-Benita et al. 2004, Panyam ef al.
2003, Zauner et al. 2001). This characteristic is very important in gene transfer as
cellular uptake of chitosan-DNA complexes and their subsequent release from the endo-
lysosome pathway are two rate limiting steps in the process (Huang et al. 2005).

Similar to DNA and ODN, siRNA are likely taken up by cells through endocytosis and
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if siRNA is not effectively delivered to the cytoplasmic compartment, it will not induce
RNAi (Rozema et al. 2003).

Normally, low siRNA activity in the cells is thought to be due to the uptake of
siRNA by fluid phase endocytosis which does not result in the release of siRNA into
cytoplasm. In fact, mammalian cells appear to be lack the effective double stranded
RNA-uptake machinery that is found in other species such as Caenorhabditis elegans
(Rozema et al. 2003). Therefore, siRNA and its vector should be able to be taken up by
the cells and escape the endosomal vesicle to avoid lysosomal degradation, thus,
allowing the RNAI to occur. In this study, we tried to obtain nanoparticles of less than
500 nm to facilitate the uptake of the particles by manipulating certain process
parameters that are involved in the preparation. Generally, the particle size of chitosan-
siRNA complexes or nanoparticles was highly dependent on molecular weight, type and

concentration of chitosan used.
4.1.1.1 Effect of chitosan to siRNA concentration ratio

The mean particle size of chitosan-siRNA complexes prepared by simple
complexation for higher molecular weight of both chitosan hydrochloride (270 kDa)
and glutamate (470 kDa) were increased from 171 to 459 nm and 189 to 291 nm,
respectively when the concentration of chitosan was increased from 25-300 pg/ml in
RNase free water (figure 4.1). Similar results were obtained for lower molecular weight
of chitosan (chitosan hydrochloride: 110 kDa and glutamate: 170 kDa) where the
particle size was increased more than 2-fold when the concentration of chitosan was
increased from 25-300 pg/ml. The increment of particle size with the increasing
concentration of chitosan was thought to be due to the overlapping even entanglement
of chitosan polymer chains (Cho e al. 2006) whereby the amine groups of chitosan
were not accessible to interact with the siRNA. In contrast, a lower concentration of
chitosan resulted in better solubility in aqueous media and generated its molecular
character as a polyelectrolyte material allowing more efficient interaction between

negatively charged siRNA and cationic chitosan.
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Figure 4.1: The effect of chitosan concentration or chitosan to siRNA weight ratio
(in bracket) on mean particle size of siRNA-chitosan complexes using different
type and molecular weight of chitosan as determined by Malvern System 4700c

Submicron particle analyser (n=3).

4.1.1.2 Effect of type and molecular weight of chitosan

The mean particle size was smaller for all the chitosan concentrations tested
when lower molecular weight chitosan was used (figure 4.1). This was also thought to
be due to the decreased viscosity of the lower concentration or molecular weight of
chitosan which resulted in more efficient interaction between negatively charged of
siRNA and cationic chitosan as discussed above. However, although chitosan glutamate
213 (470 kDa, 133 mPa.s) had higher molecular weight than chitosan hydrochloride 213
(270 kDa, 74 mPa.s), it produced smaller complexes with siRNA than chitosan
hydrochloride. This is probably due to the chain entanglement effects. As the higher
molecular weight chitosan (glutamate 213) has longer polymer chains, it is easier for the
polymer chains to entangle siRNA once the initial interaction has occurred. On the other
hand, chitosan hydrochloride 213 with the shorter polymer chains was energetically less
favourable as they need more energy for the formation of chitosan-siRNA complexes,

resulting in larger particle size.

Previous reports had also suggested that the effect of molecular weight in the
chitosan-DNA complex could be attributed to the chain entanglement effect and this

effect contributed less to the complex formation of low molecular weight of chitosan as
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it required more polymer chains to completely interact with negatively charged DNA
(Kiang et al. 2004). In agreement with this report, lower molecular weight chitosan
glutamate 113 (160 kDa) showed only slightly decreased particle size than chitosan
hydrochloride 113 (110 kDa) as the chain entanglement effect had less effect on particle
formation (figure 4.1). Nevertheless, it is obvious that chitosan glutamate produced
smaller particles than chitosan hydrochloride. The difference however, might also due
to the different acid salt which could not be excluded as it has been reported that
formation of chitosan nanoparticles may vary significantly depending on the purity, acid

salt, and molecular weight of chitosan employed (Janes et al. 2001).
4.1.1.3 Effect of solution pH

The glucosamine units of chitosan show a high density of amino groups which
confers a positive charge to the polymer. These amino groups have a pKa of pH 6.5 and
hence undergo protonation in acidic conditions or pH values below 6. To study the
effects of lower medium pH on particle size and surface charge of chitosan-siRNA
complexes, the complex was prepared in acetate buffer, 0.1 M at pH 4.5 and a series of
chitosan concentration were examined. No significant difference was observed on
particle size between RNase free water and acetate buffer pH 4.5 used as the reaction
medium. This suggested that the pH solution had less effect on the size of chitosan-

siRNA complexes.
4.1.2 Particle surface charge

The comparative positive value of surface charge (zeta potential) of the
chitosan-siRNA complexes increased with the increasing concentration of chitosan at a
constant siRNA concentration (figure 4.2). The increment was due to the increase in the
number of positive charges which counteracted with negatively charged siRNA as the
amount of siRNA was fixed. The net positive charge of the particles was desirable to
prevent particle aggregation and promote electrostatic interaction with the overall
negative charge of the cell membrane (Schiffelers et al. 2005). In addition, body
distribution of nanoparticles after i.v injection is highly influenced by their interaction
with the biological environment which also dependent on their physicochemical

properties like surface charge of nanoparticles (Jeon et al. 2000).
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From the graph, the positive surface charge was achieved when chitosan
concentration was above 50 pg/ml for the lower molecular weight chitosan, whereas
this was 100 pg/ml for the higher molecular weight for both types of chitosan. This was
thought to be due to the steric hindrance of longer and rigid polymer chains of higher
molecular weight chitosan which results in the difficulty of siRNA to interact with the
chitosan. Therefore, the presence of free siRNA in the solution was likely to screen the

positively charged chitosan.
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Figure 4.2: Effect of chitosan concentration on particle surface charge of chitosan-

siRNA complexes (n=3).

In this case, the degree of deacetylation (DDA) was not assessed for its role in
particle surface charge because all of the chitosan used had -86% of DDA. However,
when these complexes were prepared in acetate buffer at pH 4.5, the particle surface
charge was decreased. The reduction of particle surface charge could be explained by
the presence of salt in the acetate buffer (0.1 M) which might screen particle charges

and thus the mobility decreases (Lopez-Leon et al 2005).
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Figure 4.3: Comparison of particle surface charge in RNase free water and acetate
buffer (pH 4.5, 0.1 M) for chitosan-siRNA complexes using chitosan hydrochloride,
C1113.

4.1.3 Comparing siRNA- to pDNA- chitosan complexes

Polymeric carriers based on chitosan have long been used to deliver pDNA into
the target cells. Since the siRNA shares a lot of pDNA properties, it is obvious to adapt
formulations that were developed for pDNA to the development of delivery systems for
siRNA. However, certain differences in their properties were predicted as siRNA and

pDNA differ in their size and form.
4.1.3.1 Particle size

In this study, pDNA was complexed to chitosan at various concentrations in the
same manner as siRNA-chitosan complexes. Similar to siRNA-chitosan complexes, the
increment of chitosan concentration yielded a larger particle size for chitosan-DNA
complexes. However, slightly different to siRNA-chitosan complex, significant increase
of particle size could only be seen when the chitosan concentration was above 100

pg/ml as shown in figure 4.4.
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Figure 4.4: Comparison of particle size of chitosan-siRNA and -DNA complexes
with increasing concentration of chitosan or chitosan to polyanion weight ratio (in
bracket) as determined by Malvern System 4700c Submicron particle analyser,

(n=3).

Furthermore, the particle size of pDNA-chitosan complexes was relatively
smaller than siRNA-chitosan complex. This was thought to be due to the fact that the
volume occupied by a condensed pDNA nanoparticle is about 10 000 times (Keller et
al. 2005, Tam et al. 2000) smaller than its uncondensed counterpart and a minimal
length of the DNA of 800 bp is required for a DNA condensation process to oecur
(Bloomfield 1996, Bloomfield 1991, Bloomfield et al. 1991). On the other hand, no
such effect was expected occurred to siRNA as it had a shorter length of only 21 bp and
it retains its initial volume after complexing with a cationic entity. This was
corroborated by the images from the TEM microscopy as pDNA formed a complex with
chitosan to a small and condense round particle (figure 4.5A) compared to toroid form
of particle for siRNA-chitosan complexes (figure 4.5B). Consequently, these
characteristics were expected contributed to the formation of a larger particle size as
several copies of siRNA could be complexed with ehitosan instead of one molecule per

cationic entity.
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Figure 4.5: Morphology of pDNA-chitosan (A) and siRNA-chitosan (B) complexes
at weight ratio of 2.5: 1 of chitosan to pDNA or siRNA.

4.1.3.2 Surface charge

Besides particle size, particle surface charge is one of the most important
properties for nanoparticles. The particle surface charge of pDNA-chitosan complexes
were increased as the chitosan concentration increased. The increment of positive
surface charge was due to the increase of protonated chitosan amino groups that
remained uncomplexed. In fact, these values were higher than siRNA-chitosan
complexes especially for the chitosan concentrations lower than 50 pg/ml although the
same amount of siRNA was complexed to the chitosan. This could be due to the
relatively higher numbers of siRNA molecules in the solution compared to pDNA at the
same concentration (siRNA is 600 times smaller in size than pDNA) which might not
be favourable for the complex to form and they were probably shielded the positive
values of chitosan in the ease of low chitosan concentration. In fact, the supercoiled
structure of pDNA is tought to be less likely to shield the negative charged phosphate
groups from interacting with chitosan which in turn require less chitosan to compensate
for the available negatively charged phosphate groups and therefore pDNA becomes
positively charged more easily than siRNA.
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Figure 4.6: Comparison of particle surface charge between siRNA- and pDNA-
chitosan complexes. A: CI213, 270 kDa and B: CI113, 110 kDa (n=3).
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4.1.3.3 Binding efficiency

Although siRNA is a polyanionic molecule like pDNA, certain characteristics
that are really different such as its small size and linearity. These differences may affect
the way these molecules interact with polycations such as chitosan. To determine the
binding efficiency of siRNA to the chitosan, a series of chitosan concentrations, ranging
from 50 to 1000 pg/ml were used to complex a fixed amount of siRNA (10 pg/ml)
either in RNase free water or sodium acetate buffer, 0.1 M at pH 4.5.

Unfortunately, none of the above chitosan concentrations was able to completely
bind siRNA as the migration of free siRNA from the chitosan-siRNA complex was
observed even at the highest concentration of chitosan (1 mg/ml, chitosan to siRNA
weight ratio 100:1) either in RNase free water or sodium acetate buffer, 0.1 M at pH
4.5. This indicated the weak interactions between chitosan and siRNA by simple
complexation and apparently they were easily dissociated from each other. The
migration of bands (tailing bands) at higher concentrations of chitosan was not observed
from pDNA-chitosan complexes which were prepared in the same conditions as siRNA.
In fact, pDNA was completely condensed to the chitosan even at a very low
concentration of chitosan, as low as 25 pg/ml (chitosan to DNA ratio of 1.25:1). This
suggests that siRNA binds to the chitosan in a different manner from the pDNA because
siRNA is a small and linear form of nucleotides compared to pDNA; a larger and
supercoiled form of nucleotides. These observations have therefore highlighted the
weak interactions between siRNA and chitosan which might be arising from partial
interaction of siRNA and chitosan due to several copies of siRNA could complex to one

entity of chitosan as discussed in the earlier section.
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Figure 4.7: Binding efficiency of pDNA-chitosan complexes (A) and siRNA-

chitosan complexes (B) at different chitosan concentrations.

4.2 Chitosan-TPP nanoparticles using ionic gelation

Although siRNA-chitosan complexes made by simple complexation are easy to
prepare, some authors have reported that such preparation generated wide size
distribution and low stability of pDNA-chitosan complexes which may results in lower
transfection efficiency (Gan et al. 2005, Li et al. 2003, MacLaughlin et al. 1998).
Therefore, to improve stability of these complexes without exposure to harmful
chemicals, ionic gelation was used because of the chitosan ability to form a gel
spontaneously upon contact with multivalent polyanions such as TPP ions through the
formation of inter- and intramolecular cross-linkage mediated by these polyanions (Gan

et al. 2005).
4.2.1 Optimisation of the gelation process

The formation of chitosan-TPP nanoparticles occurred spontaneously upon the

addition of the TPP ions into the chitosan solution as molecular linkages were formed
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between TPP phosphates and chitosan amino groups. In agreement with the previous
studies, the particle size of chitosan-TPP nanoparticles depends on the speed of stirring
during mixing, concentration as well as molecular weight of chitosan. In this study,
chitosan-TPP nanoparticles were prepared in RNase free water at room temperature

with the chitosan to TPP weight ratio of 6:1 except if specified otherwise.
4.2.1.1 Conditions of mixing

Conditions of mixing such as speed of stirring plays an important role in the
process of ionic gelation. Therefore, chitosan-TPP nanoparticles were prepared using
two different rates of stirring, low (Ikameg® RET-GS, 1100 rpm) and the high speed
(Stuart Scientific magnetic stirrer SM 1, 10 000 rpm, UK). The results obtained showed
that the particle size of chitosan-TPP nanoparticles was reduced almost 2-fold when
high speed of stirring was applied in the preparation process. Moreover, sonication is a
common tool in the preparation of various nanoparticles. It is particularly effective in
breaking aggregation as well as reducing the size and polydispersity of nanoparticles
(Tang et al. 2003, Grieser et al. 1999). To assess the effects of sonication on reducing
particle size of chitosan-TPP nanoparticles, sonication with 20% of the maximum
amplitude in continuous mode (3 mm probe diameter, Sanyo MSE Soniprep 150, with a
frequency of 23 kHz) was applied during the mixing of TPP and chitosan solutions

instead of magnetic stirring.

Only a slight decrease in particle size was observed when sonication was used
for higher molecular weight of chitosan compared to high rate of magnetic stirring. On
the other hand, no further reduction of particle size was observed for the lower
molecular weight of chitosan neither for chitosan hydrochloride nor glutamate.
However, the polydispersity of the particles prepared by sonication was greatly reduced
which indicated a narrow size distribution of the particles. The size of chitosan-TPP

nanoparticles with different conditions of mixing are shown below:
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Low rate magnetic stirring

Polydispersity (PI),
Sample KCps, SD | Z-ave diameter (nm), SD SD
G213 (470 kDa) | 36.0+0.5 1114 £55.3 0.63 +0.02
C1213 (270 kDa) | 42.3+1.3 1570 £128.3 0.92 +0.01
G113 (160 kDa) | 32.0+0.8 565 +23.1 0.93 +0.01
Cl113 (110 kDa) | 42.1+0.6 903 £31.1 0.73 £0.03
High rate magnetic stirring
Polydispersity (PI),
Sample KCps, SD | Z-ave diameter (nm), SD SD
G213 (470 kDa) 19.7 1.1 533 +16.2 0.49 +0.05
CI213 (270 kDa) | 21.2+2.3 765 +10.3 0.65 +0.09
G113 (160 kDa) 25.9 0.7 294 £8.8 0.55 +0.02
Cl113 (110 kDa) | 30.5+0.6 423 £15.2 0.38 +0.01
Sonication
Polydispersity (PI),
Sample KCps, SD | Z-ave diameter (nm), SD SD
G213 (470 kDa) 67.8+0.3 304 £12.4 0.25 +0.05
CI1213 (270kDa) | 36.9+1.8 633 +£33.5 0.37 £0.05
G113 (160 kDa) 36.4+0.9 328 +8.7 0.37 +0.02
Cl113 (110 kDa) | 41.9+1.2 579 £25.7 0.65 +0.04

Table 4.1: Effect of mixing conditions on particle size and size distribution (PI) of

chitosan-TPP nanoparticles as determined by Malvern Zetasizer®. Chitosan to
TPP weight ratio of 6:1 (n=3).

From this study therefore, it could be concluded that the smaller particle size of

chitosan nanoparticles generated by ionic gelation could be obtained by magnetic
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stirring without the need of harsh condition such as sonication. In most cases, sonication
is less preferable to be used in particles preparation where small molecules like siRNA
is incorporated into the particles, because this process might expose siRNA to a variety
of stresses, such as shear forces, high temperature and pressure as well as generation of

reactive species that harmful to siRNA integrity.
4.2.1.2 Molecular weight and concentration of chitosan

Formation of nanoparticles by ionic gelation could only be achieved at some
certain specific concentrations of chitosan and TPP. In this study, the formation of
nanoparticles or microparticles was observed when the concentration of TPP was fixed
at 0.84 mg/ml and the chitosan concentration was ranging from 1.3 to 5 mg/ml which
was depent on the molecular weight of chitosan as well as the conditions of mixing. At
low rate of magnetic stirring, the particle size of chitosan-TPP was increased with the
increased chitosan concentration from 2 mg/ml up to 5 mg/ml. When the chitosan
concentration was above 5 mg/ml, separation of two phases was observed. Figure 4.8
shows the effects of chitosan concentration on particle size of chitosan-TPP
nanoparticles with two different molecular weights of chitosan hydrochloride and
glutamate. From the graph, the size of higher molecular weight of chitosan either
hydrochloride or glutamate was more affected by the increased concentration of
chitosan whereas this was less so for the lower molecular weight. However, a
significant difference between higher and lower molecular weight only could be

observed when the concentration of chitosan was 4 mg/ml or above.
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Figure 4.8: Effect of chitosan concentrations on particle size of chitosan-TPP
nanoparticles made from four different molecular weights of chitosan as
determined by Malvern Zetasizer® (n=3). Chitosan-TPP nanoparticles were
prepared by ionic gelation under a low rate of magnetic stirring (1100 rpm). The
TPP concentration was fixed at 0.84 mg/ml and the chitosan concentration was

ranging from 2 to 5 mg/ml

4.2.1.3 Chitosan to TPP weight ratio

In this study, the concentration of chitosan was fixed at 2 mg/ml (in RNase free
water) for all types of chitosan and magnetic stirring was set at the high rate of stirring.
The results showed that the appearance of the solution changed when a certain amount
of TPP ions was added to the chitosan solution, from a clear to an opalescent solution
that indicated a change of the physical states of the chitosan from nanoparticles to
microparticles and eventually aggregates (Li et al. 2003). For all types of chitosan tested
in this study, chitosan and TPP concentration were adjusted to weight ratio of 6:1 to
obtain nanoparticles and thus the mean particle size of chitosan-TPP nanoparticles was
510 +£22.9, 276 £17.9, 709 £50.3 and 415 +44.6 nm for G213, G113, CI213 and CI113,

respectively.
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Charge density is an important factor in electrostatic interaction between anions
and cationically charged chitosan and it mainly depends on the solution’s pH. For TPP
ions, the decrease of solution pH to acidic conditions resulted in the reduction of the
charge number of TPP accordingly which subsequently leads to the need for more TPP
ions to cross-link chitosan by electrostatic interaction (Shu and Zhu 2002a). Therefore,
the weight ratio of chitosan to TPP was reduced from 6:1 to 5:1 as the pH of chitosan
solution used in the ionic gelation was changed from pH 6 (RNase free water) to pH 4.5
(acetate buffer, 0.1 M). On the other hand, the surface charge of chitosan-TPP
nanoparticles was increased from approximately +40 to +60 mV when the weight ratio

of the chitosan to TPP was changing from 4:1 to 6:1.

4.2.2 Effect of pH on particle size and surface charge

Chitosan is a weak base polysaccharide that contains an average amino group
density of 0.837 per disaccharide unit (Gan et al. 2005, Mi et al. 2003) and in acidic
medium, the amine groups will be protonated resulting in a high positive charge. As the
charge number of TPP also decreases in acidic conditions, the formation of chitosan-
TPP nanoparticles by ionic gelation is highly pH-dependent which explained the
changing of chitosan to TPP weight ratio from 6:1 to 5:1 when the pH of chitosan
solution used in ionic gelation was changed from 6 to 4.5. For TPP ions, the decrease of
solution pH to acidic conditions resulted in a reduction in the charge number of TPP
accordingly which subsequently leads to the need for more TPP ions to cross-link
chitosan by electrostatic forces (Shu and Zhu 2000a). Nevertheless, a reduction in
particle size was observed when lowering the pH to 4.5 as at this point, the number of
protonated amine groups was increased and could efficiently interact with TPP ions to

produce smaller and fine particles.
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Figure 4.9: Effect of chitosan solution pH on particle size of chitosan-TPP

nanoparticles (n=3) as determined by Malvern Zetasizer®.

Additionally, the surface charge of the chitosan-TPP nanoparticles was increased
approximately from +20 to +40 mV when the pH changing from 6 to 4 due to the
increment of protonated chitosan amine groups in acidic conditions as discussed in
earlier section. However, there was no significant difference in particle surface charge
from among the different molecular weights of chitosan that had been tested. This was
thought to be due to the similar values of degree of deacetylation (DDA) of the

investigated chitosans.
4.2.3 Effect of ionic strength

Ionic strength was also one of the important factors that may affect electrostatic
interaction between chitosan and anions as salt usually has a shielding effect on ionic
cross-linking. The particle size of chitosan nanoparticles usually increased with the
increase of ionic strength due to particle swelling. This effect might be different on
different chitosan nanoparticles depending on the ionic cross-linking capability of
anions with chitosan, as the weakest interaction between chitosan and polyanions were

more affected by this compared to the strongest interaction (Shu and Zhu 2002b).

The effects of ionic strength on ionic cross-linking of chitosan and TPP were
carried out by adding a sodium chloride (NaCl) solution (0.025-0.2 M) to the chitosan-

TPP nanoparticles. Instead of an increment in particle size, the reduction or shrinkage
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of chitosan-TPP nanoparticle size was observed from 381 to 267 nm and 685 to 342 nm
when the molar ratio of NaCl was increased up to 0.2 M for Cl113 and CI213,
respectively. This unusual phenomenon may have been correlated with the decrease of
osmotic pressure with the increase of salt concentration (Shu and Zhu 2002a, Yin and
Prudhomme 1992).

Following this, further investigation was carried out to determine the effects of
ionic strength on the formation of chitosan-TPP nanoparticles. This was done by
examining the size of particles prepared in different molar concentrations of acetate
buffer at pH 4.5, 5 and 6, ranging from 0.025 to 0.2 M. A reduction of particle size was

observed when molar concentration of acetate buffer was increased at pH 5 and below.
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Figure 4.10: Effects of ionic strength on ionic-gelation of chitosan-TPP

nanoparticles at pH 5 as determined by Malvern Zetasizer® (n=3).

Contrary to that, the particle size of chitosan-TPP nanoparticles was
significantly increased at pH 6 from 357 to 643 nm and 162 to 4459 nm for CI113 and
G113, respectively when the molar concentration of acetate buffer was increased from
0.025 to 0.2 M. At higher pH such as at pH 6, the increment of salt concentration
resulted in the increment of electrolyte concentration which changes the net charge by
altering the number of dissociated groups in the network (Ldépez-Leén et al. 2005,

Fernandez-Nieves et al. 2000), leading to particle swelling by electrical repulsion. The

113



Chapter 4 Manipulation of chitosan as safer carriers for siRNA

swelling effect was more prominent at higher pH as chitosan was partially ionized
whereas at lower pH (e.g. pH 4.5), chitosan was fully ionised. At pH 5 and below, the
chitosan-TPP nanoparticles were decreased in size. Further increased in salt
concentration more than 0.1 M also resulted in the reduction of the intensity of light
scattering (KCps). This may have indicated that the formed particles were unstable and
dissociated rapidly with the increase of molar concentration of sodium acetate buffer.
The reduction of KCps was thought to be due to the disintegration of particles, arising
from the insufficient interaction between chitosan and TPP to withstand the osmotic

pressure (Lopez-Leodn et al. 2005).
4.2.4 Stability of chitosan-TPP nanoparticles

It has been reported that chitosan nanoparticles prepared by ionic gelation lose
their integrity in aqueous media either in the presence or absence of enzymes such as
lysozymes (Lopez-Leon et al. 2005). In fact, it has been reported that chitosan-TPP
nanoparticles were not stable either stored at 5°C or -10°C. In this study, the stability of
chitosan-TPP nanoparticles prepared in three different pH of sodium acetate buffer 0.1
M (pH 4.5, 5 and 6) was determined by storing them at 4 and -20°C and particle size of
the nanoparticles was measured at each pre-determined time for 5 weeks. Initial results
obtained revealed that the freezing and thawing process of frozen samples (-20°C)
induced complete destabilization of the system as severe particle aggregation was

observed and the system was discarded.

In the case of samples stored at 4°C, chitosan-TPP nanoparticles prepared at pH
4.5 showed a good stability since the increment of particle size after 5 weeks of storage
was only 7.4%. In contrast, chitosan prepared at pH 5 and 6 showed significant
increments in particle size after 48 h and 6 h, respectively. Low stability of chitosan-
TPP nanoparticles prepared at higher pH could be explained by the lower positive value
of particle surface charge, resulting in weaker repulsive electrostatic forces. Therefore,
the systems lose their colloidal stability and thus particles start to aggregate.
Furthermore, as chitosan-TPP nanoparticles prepared at pH 5 and 6 yielded higher
numbers of particles than pH 4.5, their colloidal systems were thermodynamically

unstable because of the high surface energy associated with the nanoscale dimensions.
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4.2.5 Association of siRNA to chitosan-TPP nanoparticles

Association of siRNA to chitosan-TPP nanoparticles was performed either by
adsorbing siRNA onto the preformed nanoparticles or by adding it during the gelation

process (entrapment of siRNA into chitosan-TPP nanoparticles).
4.2.5.1 SsiRNA adsorption onto the chitosan-TPP nanoparticles

Adsorption of the bio-active agent onto the surface of nanoparticles is preferable
because this technique could avoid the exposure of the bio-active agent to high shear
rates during the nanoparticles preparation process. In this study, the adsorption of
siRNA onto the surface of chitosan-TPP nanoparticles was accomplished in RNase free
water as well as in sodium acetate buffer, 0.1 M (pH 4-6). To gain better understanding
of the adsorption process, certain parameters were investigated which including
chitosan-TPP nanoparticles to siRNA weight ratio, pH and ionic strength of the medium

used.
4.2.5.1.1 Effect of chitosan-TPP nanoparticles to siRNA weight ratio

A series of concentrations of chitosan-TPP nanoparticles ranging from 0.3 to 1
mg/ml (equivalent to chitosan-TPP nanoparticles to siRNA weight ratio of 30 to 100)
was used in order to determine the binding efficiency of siRNA (10 ug/ml) to chitosan-
TPP nanoparticles. Agarose gel electrophoresis showed smearing appearance of some
bands which may indicate heterogeneity in electrophoretic behaviour (Medberry ef al.
2004). The complete binding of siRNA to the chitosan-TPP nanoparticles (retained in
the well without the presence of a trailing band) however could only be observed when
the chitosan-TPP nanoparticles to siRNA weight ratio was approaching 100:1 which
indicated the existence of stronger interaction between siRNA and chitosan-TPP

nanoparticles compared to siRNA-chitosan complexes (see page 100).
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Figure 4.11: Binding capacity of siRNA onto the chitosan-TPP nanoparticles as
determined by 4% agarose (LMP) gel electrophoresis in TBE buffer, pH 8

containing 0.5 pg/ml ethidium bromide.

4.2.5.1.2 Effect of pH and ionic strength of adsorption medium

Adsorption of siRNA to chitosan is thought to be predominantly through
electrostatic interaction between opposite charges of chitosan and the siRNA. Therefore,
pH and ionic strength are the two factors that are important in influencing siRNA
adsorption process onto the surface of chitosan-TPP nanoparticles. In this study, five
different pHs (pH 4-6) of sodium acetate buffers (0.1 M) were used as adsorption media
and the resultant particles with adsorbed siRNA were subjected to electrophoresis. The
results showed that the binding of siRNA to the chitosan-TPP nanoparticles was not
affected by the pH, as the profiles of siRNA binding to the chitosan-TPP nanoparticles
in sodium acetate buffers for all of the tested pH were similar to the RNase free water.
This in fact illustrated that the pH does not further improve their interaction into a

stronger or irreversible particle formation.

On the other hand, the loading efficiencies of chitosan-TPP with adsorbed
siRNA nanoparticles at a weight ratio of 100:1 were varied and depended on the type of
chitosan used as determined by spectrophotometer. Higher siRNA loading efficiency

was observed for siRNA adsorbed onto chitosan glutamate (83% =+0.9 for G213 and
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90% +0.3 for G113) compared to chitosan hydrochloride (72% +1.1 for C1213 and 59%
+0.8 for Cl113). It has been also reported that the addition of salt such as sodium or
potassium chloride could enhance the efficiency of pDNA adsorbed onto the surface of
cationic nanoparticles. The conformation of the cationic polymer chains was reported to
be important in the present of salt and this facilitates the accessibility of pDNA at the
interface for interaction with the chitosan. Therefore, siRNA adsorption onto the
chitosan-TPP nanoparticles (prepared in RNase free water) was carried out in various
molar concentrations of NaCl (0.025-0.2 M). For this experiment, chitosan CI113 was
chosen from among the studied chitosans because it had the lowest siRNA loading
efficiency making this the best candidate to be used for investigating the effect of salt in
enhancing loading efficiency. The results of siRNA loading efficiency at different salt

concentrations are shown below:

Molar concentration of NaCl, M Loading efficiency, %/ SD (+)
0 ( double distilled water) 53+0.8
0.025 57 £1.1
0.05 70 £1.8
0.10 80 +0.89
0.15 50 +0.96
0.20 30 +0.55

Table 4.2: The effects of NaCl molar concentration on siRNA loading efficiency of
chitosan-TPP nanoparticles at weight ratio of 100:1 (n=3).

From the table, the loading efficiency of siRNA was increased with the increase
of NaCl concentration up to 0.1 M. However, when the salt concentration was increased
over 0.1 M, a reduction in siRNA loading efficiency was observed. The decreased in
siRNA loading efficiency could be attributed to the reduction of the numbers of
chitosan-TPP nanoparticles at higher salt concentration as they were unstable and

tended to disintegrate as discussed in section 4.2.3.
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4.2.5.2 siRNA entrapment into chitosan-TPP nanoparticles

It has been reported that entrapment of genetic materials within the carriers can
offer better protection than adsorbing them onto the surface of polymeric carriers due to
the direct exposure of the adsorbed genetic materials toward harsh biological
environments. Furthermore, it could offer many other advantages such as controlled
release as well as the ability to improve cellular targeting and uptake (Dunne et al.
2003). Previous study also reported that the association of ODNs was found to be more
efficient when nanoparticles were formed by ionic gelation with TPP in comparison to
simple complexation (Jane et al. 2001, Calvo et al. 1998). Therefore, siRNA was also
encapsulated within the chitosan-TPP nanoparticles by adding siRNA (10 pg) together

with TPP ions during the ionic gelation process.
4.2.5.2.1 Particle size and surface charge

The chitosan nanoparticles entrapping siRNA showed a slight decrease in
particle size compared to the unloaded chitosan-TPP nanoparticles. The size of these
particles at chitosan to TPP weight ratio of 6:1 were decreased to 440, 200, 605 and 331
nm for G213, G113, CI213 and CI113, respectively. The reduction of the particle size
was expected due to the compaction of long and branch chitosan chains by siRNA
through electrostatic interaction of the opposite charge. Furthermore, the addition of
siRNA at the chitosan to TPP weight ratio of 6:1 reduced the surface charge of
nanoparticles to approximately +20 mV from +60 mV. The differences observed were
expected due to the charge neutralization, since phosphate groups of siRNA were
interacted to the protonated amino groups of chitosan-TPP nanoparticles, which
subsequently reduced the density of positive charge. In addition, a relatively lower
positive charge value of chitosan-TPP nanoparticles with entrapped siRNA was
expected compared to chitosan-siRNA complexes due to cancellation of chitosan

positive charge by TPP ions.
4.2.5.2.2 Effect of pH on chitosan-TPP nanoparticles with entrapped siRNA

The influence of pH on the physical characteristics of the entrapped siRNA
inside chitosan-TPP nanoparticles as well as the binding ability of siRNA to the
chitosan was investigated by preparing the particles in sodium acetate buffer, 0.1 M at

various pH, ranging from pH 4 to pH 6. Briefly, chitosan Cl113 was dissolved in
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sodium acetate buffer and TPP solution containing 10 pg of siRNA was added to the
chitosan solution under magnetic stirring. Figure 4.12 revealed that the smallest particle
size was obtained when the pH of sodium acetate buffer was 5. At pH 5, the attractive
electrostatic forces involved in the binding process must be stronger than at higher pH
and thus more siRNA molecules can be attracted to the chitosan leading to greater
packing of siRNA to yield compacted chitosan-TPP-siRNA nanopartieles. Furthermore,
the decrease of particle size of chitosan-TPP-siRNA prepared in acetate buffer in
comparison to RNase free water might due to the presence of the salt in sodium acetate
buffer as it may have induced better conformation of chitosan, arising from the
screening of polyelectrolyte and colloid charge to facilitate the accessibility of siRNA

for complexation (Trimaille et al. 2003, Maruyama et al. 1997).
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Figure 4.12: Effect of pH on Z-ave diameter and particle surface charge of
chitosan-TPP-siRNA as determined by Malvern Zetasizer® (n=3). Keynote: Bar

represents Z-ave diameter (nm) and line represents surface charge (mV)

4.2.6 siRNA binding and loading efficiency

Complete binding of siRNA was observed for all types and molecular weights of
chitosan when 10 pg of siRNA was entrapped in chitosan-TPP nanopartieles as

determined by gel retardation assay (figure 4.13). Absence of free siRNA detected on
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the gel after electrophoresis described that no siRNA was leaked out from the chitosan-
TPP nanopartieles, because siRNA was thought to be strongly bound to the chitosan
amine groups. The loading efficiency of siRNA was also indirectly measured using
spectrophotometry. 100% siRNA loading efficiency was obtained for all the entrapped

siRNA within chitosan-TPP nanopartieles.
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Figure 4.13: Binding efficiency of siRNA entrapped into chitosan-TPP
nanopartieles as determined by 4% agarose (LMP) gel electrophoresis in TBE

buffer, pH 8 containing 0.5 pg/ml ethidium bromide.

4.2.77 siRNA stability in serum

siRNA must be stable against degradation by nucleases in order to be active
(Braaseh et al. 2003). Therefore, to address the question of chitosan-siRNA
nanopartieles stability and protection from nuclease degradation, nanopartieles were
incubated in 5% and 50% of feotal bovine serum (FBS) at 37°C. Contrasting results
were obtained in a previous report by Braaseh et al. (2003) who reported that naked
siRNA was stable after incubation in 5% serum up to 72 h. However, in this study
siRNA was intact only up to 30 min and it was fully degraded after 48 h. Heterogenous
results of siRNA in serum was thought to be arising from variable serum stability of the
siRNAs depending on their sequence and the presence or absence of overhangs

(Haupenthal et al. 2006). In comparison, siRNA recovered from chitosan-TPP
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nanoparticles (by displacing siRNA from the particles using heparin sulphate before
electrophoresis) started to degrade after 24 h incubation and full degradation was
observed after 72 h incubation (figure 4.14A). This experiment was repeated by
incubating siRNA as well as chitosan-siRNA nanoparticles in the higher serum
concentration of 50% v/v. The chitosan-siRNA nanoparticles significantly protected
siRNA from nuclease activity. Complete degradation of siRNA was observed as early
as timepoint of 0. In contrast with unformulated siRNA, the siRNA recovered from
chitosan-siRNA nanoparticles was intact up to 7 h and fully degraded after 48 h
incubation in 50% serum (figure 4.14B).
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Figure 4.14: Electrophoretic mobility of chitosan-TPP-siRNA nanopartieles
following incubation with FBS. The integrity of the siRNA was analysed by 15%
polyacrylamide gel containing 7 M urea and TBE (0.089 M Tris base, 0.089 M
boric acid, and 2 mM sodium EDTA, pH 8.3) buffer. siRNA bands were visualised
under a UV transilluminator after staining for 40 min with a 1:1000 dilution of
SYBR-Green II RNA gel stain (Molecular Probes) prepared in DEPC treated
water. Image A: 5% FBS and image B: 50% FBS.

4.3 Cationic PLGA-chitosan nanopartieles prepared by the émulsification

diffusion method

In this study, attempts were made to produce cationic PLGA nanopartieles using

chitosan as a cationic surface modifier in order to allow the adsorption of siRNA to
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occur on the PLGA particle surface. The emulsification diffusion method was used to
prepare PLGA-chitosan nanoparticles. Briefly, this method uses a partially water
soluble solvent like ethyl acetate, benzyl alcohol and propylene carbonate to dissolve
the polymer. The polymer solution is then emulsified in the aqueous phase containing
surfactant such as PVA to prevent aggregation of emulsion droplets. Finally, the
diffusion of solvent from emulsion droplets upon the addition of water leads to the

nanoprecipitation of the particles.
4.3.1 Particle size

Various formulation parameters were studied to produce PLGA-chitosan
particles that had desirable properties such as nano-size and a positively surface charge
as well as good particle morphology (individual particles without aggregation or
fusion). In this section, the effects of formulation parameters on particle size of PLGA-
chitosan nanoparticles will be first discussed. A preliminary work was carried out to
determine appropriate homogenization speed and PVA concentration to produce
nanoparticles using the emulsification diffusion method. This work was performed
using PLGA without the addition of chitosan as the source of Ultra-pure chitosan was

limited and expensive.
4.3.1.1 Homogenization speed

It has been shown that a smaller particle size could be obtained by increasing
homogenization speed due to the stronger shear rate which promotes the breakage of
droplets during the preparation of emulsion. Therefore, different rates of
homogenization (8 000 and 17 500 rpm) were used to study the effects of
homogenisation speed on particle size of PLGA nanoparticles. As predicted, the size of
PLGA nanoparticles was decreased significantly from 1024 +58 to 332 £16 nm when
the speed of homogenization was increased to 17 500 rpm (PVA concentration was 2%
m/v).

4.3.1.2 Effect of PVA concentration

PVA is the most commonly used surfactant to stabilize the emulsion (Zambaux
et al. 1998, Fong 1981). Several other studies have reported that particle size could be

reduced by increasing PVA concentration in the aqueous phase as PVA could improve
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the stability of emulsion droplets and prevent the formation of aggregates. A series of
PVA concentrations ranging from 0.5 to 2% m/v was tested to evaluate the effect of
PVA in reducing the particle size of PLGA nanoparticles. A drop in particle size was

observed with the increasing concentration of PVA as shown below:

Before centrifugation After centrifugation
PVA Z-ave Polydispersity, Z-ave Polydispersity,
concentration, | diameter, nm/ PI/ SD (z) diameter, nm/ PI/ SD (%)
Yom/v SD (%) SD (+)
0.5 334 £22 0.08 +0.04 477 +63 0.4 +0.52
1.0 332 +40 0.05 +£0.04 354 £53 0.09 £0.12
2.0 308 £16 0.08 £0.02 320 +£20 0.07 £0.02

Table 4.3: Effect of PVA concentration on particle size of PLGA nanoparticles
prepared at homogenization speed of 17 500 rpm before and after centrifuging as

determined by Malvern Zetasizer® (n=3).

Interestingly, utilising higher concentrations of PVA in the aqueous phase could
prevent the formation of aggregates induced by centrifugation as shown on the table 4.3.
Particle size of PLGA nanoparticles made using PVA at a 0.5% m/v was greatly
increased by around 42% and size distribution was also increased indicating the
formation of aggregates after centrifugation (table 4.3). In contrast, no significant
change in particle size was observed for particles made using PVA at 1 and 2% m/v
since the increment of PVA concentration resulted in the increase of PVA molecule
adsorbed onto the surface of nanoparticles (Sahoo ef al. 2002). The adsorption of PVA
onto the surface of nanoparticles was reported to occur via hydrophobic bonding
between hydroxyl groups of PVA and acetyl groups of PLGA, therefore a large number
of hydroxyl groups of PVA could hydrate at the surface to stabilize nanoparticles
(Abdelwahed et al. 2006, Murakami et al. 1999). Thus, these nanoparticles were more
stable and resistant to aggregation induced by high speed centrifugation. Following
these observations in these following experiments, a PVA concentration of 2% m/v was

used and the emulsion was prepared at a homogenization speed of 17 500 rpm.
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4.3.1.3 Type and molecular weight of chitosan

Four types of Ultra-pure chitosan were used to prepare PLGA incorporated with
chitosan nanoparticles. They were chitosan glutamate 213 (470 kDa) and 113 (160 kDa)
as well as chitosan hydrochloride 213 (270 kDa) and 113 (110 kDa). In contrast to plain
PLGA nanoparticles, these particles were much bigger and their sizes were widely
distributed depending on the molecular weight of chitosan used. Particle size of PLGA-
chitosan nanoparticles was decreased with the decrease in chitosan molecular weight as
shown in figure 4.15. Furthermore, particle size distribution (PI) was also reduced when
a lower molecular weight of chitosan was used for both types of chitosan. The size
distribution was reduced from 0.96 £0.21 to 0.853 +0.11 and from 1.00 +0.01 to 0.45
+0.05 for chitosan glutamate and hydrochloride, respectively. The difference in particle
size was thought to arise from the difference in viscosity between these chitosans as a
higher molecular weight of chitosan produced a higher viscosity in solution or in this
case, organic phase. Therefore, increasing viscosity of the organic phase resulted in the
formation of larger emulsion droplets as it is more resistant to the shear forces. This was
in agreement with the results obtained from the plain PLGA nanoparticles where a low
viscosity organic phase in the absence of chitosan produced smaller particles than in the

presence of chitosan.
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Figure 4.15: Effect of type and molecular weight of chitosan on particle size of

PLGA-chitosan nanoparticles as determined by Malvern Zetasizer® (n=3).
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4.3.2 Surface charge

Salted chitosan is positively charged and soluble when presented in acidic or
neutral solution due to the protonation of amino groups on the chitosan backbone.
Therefore, incorporation of chitosan into PLGA was expected to result in cationic
nanoparticles that were able to interact with pDNA as well as siRNA through
electrostatic interaction. However, this would be highly dependent on the amount of
chitosan added. Therefore, a series of chitosan (C1213) concentrations ranging from 0 to
1.2% m/v was added to the aqueous phase to determine the effect of chitosan
concentration on particle surface charge. As expected, the particle surface charge of
PLGA-chitosan nanoparticles was increased with the increase in chitosan concentration.
However, a positive value of the particle surface charge was only achieved when the
chitosan concentration was increased to 0.6% m/v and above. This illustrated that
starting at this concentration, free protonated amino groups were available since most of
them were interacted or bound to the carboxylic groups of PLGA to form cationic
nanoparticles. Overall, the particle surface charge was increased from -34.9 £2.6 mV at
0% m/v to +21.3 £0.7 mV at 1.2% m/v.
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Figure 4.16: Surface charge of PLGA-chitosan nanoparticles at different

concentrations of chitosan (n=3).
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4.3.3 Effect of centrifugation on particle size

In this study, PLGA-chitosan nanoparticles were normally washed and collected
by centrifugation. Centrifugation is one of the most commonly used and convenient
techniques to wash and collect particles. However, it was shown that centrifugation
could increase particle size due to the compaction of the particles by the high speed of
spinning and these particles therefore tend to form aggregates. As mentioned in the
earlier section, the size of PLGA nanoparticles was increased after centrifugation except
in the presence of PVA at concentration of 1% m/v and above which had been shown

could prevent the increment of particle size induced by centrifugation.

However, for the PLGA-chitosan nanoparticles, a surprising drop in particle size
was observed after centrifugation as shown on figure 4.17. For example, the size of
PLGA-chitosan nanoparticles made of Cl113 dropped almost 2-fold to 360 nm from
650 nm after centrifugation. Moreover, the polydispersity index of these particles was
also decreased significantly to 0.6 +0.1, 0.08 +0.01, 0.36 +0.05 and 0.18 +0.02 for
G213, CI1213, G113 and Cl1113, respectively.
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Figure 4.17: Effect of centrifugation on particle size of PLGA-chitosan
nanoparticles after two cycles of centrifugation as determined by Malvern
Zetasizer®, L.K (n=3). A drop in particle size was observed for the PLGA-chitosan
nanoparticles after centrifugation. PLGA-chitosan nanoparticles were prepared by
émulsification diffusion method made from different types and molecular weights

of chitosan.

This phenomenon was attributed to the addition of chitosan in the aqueous
phase. During particle preparation, small emulsion droplets were formed by
homogenisation and the solvent diffusion process. In this process, some of the chitosan
might be trapped within the particle which interacted with carboxylates from PLGA
whereas some of them might be adsorbed and surrounded on the surface of particles via
partial interaction, leading to the formation of large and widely distributed particles.
When the particles were centrifuged, the adsorbed chitosan molecules were therefore
washed away from the surface of particles due to the high speed of centrifugation (20

000 rpm), thus explaining the drop in particle size after washing.

This theory was corroborated by the very low particle surface charge when the
particles were washed by centrifugation compared to filtration. The particle surface

charge of PLGA-chitosan made of Cll 13 was reduced (+10.4 +1.9) when centrifugation
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was used to wash the particles compared to filtration (+63.1 £+0.9 mV). A similar trend
occurred with G213 as well as G113 where their surface charges were reduced by 3-
and 6-fold to +19.4 +1.5 mV and +13.1 +0.4 mV, respectively compared to filtered
particles. Although filtration yielded a comparatively high positive charge of PLGA-
chitosan nanoparticles, potentially more favourable for siRNA adsorption, these
particles were 2-fold bigger than before filtration. In fact, the particle size of these
nanoparticles was further increased after freeze-drying (figure 4.18). It is thought that
this might arise from particle aggregation or fusion induced by the surrounded chitosan
on the surface of the particles as the aqueous phase was forced to flow through the
membrane by high pressure (0.9 bar). On balance, it is thought that probably the
significant reduction of particle size is due to the loss of chitosan molecules from the
surface of the particles by centrifugation. Therefore, it is important to adsorb siRNA

onto the PLGA-chitosan nanoparticles after this step.

H Before filtration o After filtration B After freeze-drying
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Type and molecular weight of chitosan

Figure 4.18: Effect of filtration and freeze-drying on particle size of PLGA-
chitosan nanoparticles made from different types and molecular weights of
chitosan, (n=3). Particle size was measured using Malvern Zetasizer® (Malvern,

UK).
4.3.4 Effect of PLGA polymer

PLGA-chitosan nanoparticles made of PLGA 50:50 2A which was washed and

collected by centrifugation suffered from low amount of chitosan actually being
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incorporated into PLGA nanoparticles. This was been reflected by relatively low surface
charge of those particles after centrifugation compared to before centrifugation.
Therefore, attempts have been made to improve this using PLGA with higher degree of
"uncapped" end groups. It was hypothesized that a higher degree of "uncapped" end
groups of PLGA could provide more carboxylic groups, which would readily interact
with protonated amine groups of chitosan through electrostatic interaction, to form
positively charged nanoparticles. For this purpose, PLGA 3A was used to prepare
PLGA-chitosan nanoparticles instead of PLGA 2A and they were prepared exactly as

before.

By using PLGA 3A, the mean particle size of PLGA-chitosan nanoparticles
were 464 +8.41 and 795 £14.33 nm for chitosan hydrochloride Cl1113 and CI213,
respectively. In contrast to earlier nanoparticles (PLGA 2A), centrifugation had no
effect on the size of these nanoparticles as only a slight decrease from 464 +8.41 nm to
431 +£15.41 nm after centrifugation was seen for C1113 and CI213 had a corresponding
small, insignificant increase in size from 795 £14.33 to 806 £25.61 nm. Nevertheless,
these particles were adversely affected by freeze-drying and lyophilised forms of
particles were well beyond nanometer size range (4 and 5 pm for Cl113 and CI213,
respectively as determined by Malvern Mastersizer™). To solve this problem, a
lyoprotectant agent, trehalose, was employed at a concentration of from 10 to 20% of
trehalose for the total mass of polymer to the particles suspension prior to freeze-drying.
It was then found that 20% of trehalose could adequately protect PLGA-chitosan
nanoparticles prepared with C1113 but not with C1213. The summary of particle size of

PLGA-chitosan nanoparticles before and after freeze-drying is shown below:
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Sample Z-average, nm/ SD (%) Polydispesity index, PI
SD (3)
Cl113 BC 463.8 +8.4 0.28 +0.01
Cl113 AC 431.0£15.4 0.19 £0.08
CI113 AF *4096.0 +3815.3 1+0.0
10% trehalose C1113 737.8 £95.6 0.83 +0.29
20% trehalose CI113 538.1£32.3 0.42 +0.04
C1213 BC 794.8 £14.3 1+0.0
Ci213 AC 806.4 £25.6 0.69 +0.21
CI213 AF *5390.4 +5111.8 1+0.0
10% trehalose CI213 *4484.1 £1059.9 1£0.0
20% trehalose C1213 960.4 £39.2 0.92 +0.10

Table 4.4: Effect of trehalose on particle size and polydispersity index of PLGA-
chitosan nanoparticles as determined by Malvern Zetasizer® (n=3). Keynotes: BC=
before centrifugation and AC= after centrifugation. *Particle size was further
measured using Malvern Mastersizer and the particle size was 4 +0.8, 5+1.1 and
3.5+ 0.6 pm for CI113 AF, CI213 AF and 10% trehalose CI1213, respectively.

As stated earlier, incorporation of chitosan and PLGA was to form cationic
nanoparticles and elicit nucleic acid complexation. A higher particle surface charge was
obtained for PLGA-chitosan nanoparticles prepared from PLGA 3A (+42.5 and +60 mV
for CI113 and CI213, respectively) than PLGA 2A (+28 mV for Cl213). This was
attributed to the increased number of carboxylic groups of PLGA which could interact
with chitosan amino groups, leading to the increased incorporation of chitosan with
PLGA to form positively charged nanoparticles. The results from spectrophotometer
studies using Orange IIC dye consistently showed an incorporation of more than 94% of
chitosan into PLGA nanoparticles compared to only 60% for PLGA 2A which
explained a high particle surface charge of PLGA 3A for both molecular weight of

chitosans.

4.3.5 Morphology

PLGA-chitosan nanoparticles prepared by emulsification diffusion were

generally smooth spheres of less than 500 nm as determined by SEM. No difference in
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particle morphology was observed when the chitosan concentration was increased from
0.3 to 1.2% m/v except PLGA-chitosan nanoparticles made of 1.2% m/v of chitosan
were smaller in size and more homogenous as shown in figure 4.19. However, particles
washed and collected by filtration (Amicon Stirred Cell Model 8400, Millipore) were
apparently aggregated and fused with each other (figure 4.20B and D). In contrast to
filtration, particles washed by centrifugation were less likely to be aggregated as shown
in figure 4.20A and C. The observed appearances of freeze-dried products under SEM
were thought to be affected by the amount of chitosan remained in the formulation after
washing step which also would influence the rehydration properties of these particles.
This effect could therefore be seen in the morphology of both filtered and centrifuged
formulations where filtered products were looked like sticky fluffy cake and had

rehydration problem but not with centrifuged products.
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Figure 4.19: Effect of chitosan concentration on particle morphology of PLGA-
chitosan nanoparticles (2% m/v PVA).
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Figure 4.20: Effect of washing technique on particle morphology of PLGA-
chitosan nanoparticles (2% m/v PVA). A and C: PLGA-GI113 and -G213 washed
and collected by centrifugation, B and D: PLGA-G113 and -G213 washed and
collected by filtration.

4.3.6 siRNA adsorption onto the surface of PLGA-chitosan nanoparticles

siRNA was adsorbed onto the surface of PLGA-chitosan nanoparticles at
different concentrations of nanoparticles from as low as 1 up to 5 mg/ml and siRNA
was fixed at 10 pg/ml. It appeared that siRNA was not completely bound to the PLGA-
chitosan nanoparticles collected by centrifugation (as determined by gel retardation
assay using 4% agarose (LM P) gel electrophoresis in THE buffer, pH 8, figure 2.21 and
2.22) even though a very high nanoparticles to siRNA weight ratio was used (500:1).
The siRNA binding efficiency was found to be independent on types of chitosan but the
higher degree of "uncapped" end groups of PLGA employed apparently had a slight
improvement in the adsorption of siRNA as it could incorporate more chitosan into the

nanopartieles as determined by spectrophotometry using Orange |IC dye. The results
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from quantitative assay (spectrophotometry) for loading efficiency of siRNA adsorbed
onto the nanopartieles also revealed that the overall loading efficiency for PLGA 3A
samples exceeded 75% with C1213 giving a slightly higher siRNA loading efficiency of
more than 80% for its various concentrations (86, 84 and 89% of siRNA loading
efficiency for 1, 3 and 5 mg/ml or 100:1, 300:1 and 500:1 nanopartieles to siRNA

weight ratio, respectively).

Gel's well

siRNA

Figure 4.21: siRNA binding efficiency of various PLGA 3A-chitosan nanopartieles.
Lane 1: Free siRNA, Lane 2: PLGA nanopartieles (without chitosan), Lane 3-5
respectively are: 1, 3 and 5 mg/ml of PLGA-C1113 nanopartieles. Lane 6-8
respectively are: 1, 3 and 5 mg/ml of PLGA-C1213 nanopartieles, Lane 9-11
respectivley are 1, 3 and 5 mg/ml of PLGA-C1113 nanopartieles with heparin,
Lane 12-14 respectively are: 1, 3 and 5 mg/ml of PLGA-C1213 nanopartieles with

heparin and Lane 15: PLGA nanopartieles with heparin.
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Figure 4.22: siRNA binding efficiency of various PLGA 2A-chitosan nanopartieles.
Lane 1: Free siRNA, Lane 2-4 respectively are: 1, 3 and 5 mg/ml of PLGA-C1113
nanopartieles with heparin and Lane 5-7 respectively are 1, 3 and 5 mg/ml of
PLGA-C1213 nanopartieles with heparin, Lane 8-10 respectively are: 1, 3 and 5
mg/ml of PLGA-C1113 nanopartieles and Lane 11-13 respectively are: 1, 3 and 5
mg/ml of PLGA-C1213 nanopartieles.

4.3.7 siRNA protection by PLGA-chitosan nanopartieles in serum

Investigation into the influence of serum on the integrity of siRNA is an
important factor in assessment of the possible use of siRNA as a therapeutic agent. The
ability of PLGA-chitosan nanopartieles to protect siRNA from degradation by nucleases
was determined by incubating these nanopartieles with adsorbed siRNA at weight ratio
0of 400:1 in DMEM containing 50% of FBS for 48 h. The results obtained showed
siRNA was protected by PLGA-chitosan nanopartieles for up to 48 h. In contrast, naked
siRNA was fully degraded as early as 30 min and this therefore illustrating the ability of

PLGA-chitosan nanopartieles to protect siRNA from nuclease degradation.
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Figure 4.23: Serum protection assay (DMEM containing 50% FBS) of naked
siRNA (A) and PLGA-chitosan with adsorbed siRNA (B) at different time points.
The integrity of the siRNA was analysed by 15% polyacrylamide gel containing 7
M urea and TBE (0.089 M Tris base, 0.089 M boric acid, and 2 mM sodium EDTA,
pH 8.3) buffer. siRNA bands were visualised under a UV transilluminator after
staining for 40 min with a 1:1000 dilution of SYBR-Green II RNA gel stain
(Molecular Probes) prepared in DEPC treated water.

4.3.8 Comparison of PLGA-chitosan nanopartieles adsorbed with either siRNA

or pDNA

Binding capacity of pPDNA to PLGA-chitosan nanopartieles was determined by
measurement of fluorescence induced by PicoGreen-pDNA interaction. PicoGreen is an
asymmetrical cyanine dye that exhibits >1000-fold increase in fluorescence upon
binding to double stranded DNA (dsDNA) with relatively little reactivity toward RNA
and single stranded DNA (Barman et al. 2000, Singer et al. 1997). Therefore, this assay
only could be applied to quantify pDNA and not siRNA.
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Indirect measurement of pDNA in supernatant collected from depletion method
revealed that the efficiency of pDNA to adsorb onto the surface of PLGA-chitosan
nanoparticles was depended on chitosan concentration. Significant increase of pDNA
loading efficiency was observed, from only 55.2% at 0.2%m/v to 99.5% at 1.2% m/v of
chitosan. Since the interaction between pDNA and cationic nanoparticles via
electrostatic interaction, therefore particle surface charge play a crucial role in pDNA
adsorption onto the cationic nanoparticles. As PLGA-chitosan nanoparticles made of
1.2% m/v of chitosan exhibited the highest positive value of particle surface charge,
high loading efficiency of pDNA was predicted from these particles because pDNA
could easily attract to the high density of protonated amino groups of chitosan. In
contrast, PLGA-chitosan nanoparticles with lower value of particle surface charge
would have lower pDNA loading efficiency due to the insufficient amount of
protonated amino groups to interact with pDNA. The relationship of particles surface

charge with pDNA loading efficiency is shown below:

Chitosan Particle surface charge, mV | pDNA loading efficiency,
concentration, %om/v SD () %

0.2 -0.7 £0.3 55+12.3

0.3 +0.3 £12.6 59 +3.5

0.6 +11.7£5.8 67 £13.2

1.2 +21.7 £0.7 99 +5.9

Table 4.5: Relationship between particle surface charges with pDNA loading
efficiency of PLGA-chitosan naoparticles with adsorbed pDNA. pDNA adsorption
was carried out at nanoparticle to pDNA ratio of 100:1 (n=3).

The binding of the cationic nanoparticles to the polyanionic pPDNA was studied
using analysis of the electrophoretic mobility of pDNA within agarose gel. Efficient
condensation of pDNA by cationic nanoparticles leads to immobilisation of pDNA
(Ravi Kumar et al. 2004). Complete binding of pDNA adsorbed onto the PLGA-
chitosan nanoparticles was observed at nanoparticles to pDNA ratio of 100:1. This
interaction was strong and stable as no displacement of pDNA was observed after the
particle suspension was treated with heparin sulphate (1000 unit/ml).

Glycosaminoglycan such as heparin is an anion that can relax the complex
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condensation, resulting in DNA release from the complexes (Kircheis et al. 2001,
Ruponen et al. 1999).

These findings describing that the interaction between pDNA and PLGA-
chitosan naoparticles was strong and stable. Meanwhile, as mentioned in section 4.3.6,
the binding of siRNA to PLGA-chitosan nanoparticles was less efficient as siRNA
mobilisation still could be seen although at high amount of PLGA-chitosan
nanoparticles, 5 mg/ml (500:1 nanoparticles to siRNA weight ratio). The reason behind

this phenomenon has been discussed in earlier section.

4.4 Biological activity of siRNA

4.4.1 Chitosan-siRNA complex and chitosan-TPP nanoparticles associated with

siRNA

Determination of gene silencing activity of these chitosan nanoparticulate
systems was first performed in CHO K1 cells and optimal chitosan to siRNA ratio of
100 and 10 was used for siRNA associated with chitosan-TPP nanoparticles and
chitosan-siRNA complex, respectively. The efficiency of gene silencing was measured
as a normalised ratio of the silencing pGL3-luciferase expression to pRL-TK expression
used as internal standard. In consideration that luciferase expression could be reduced
not only by the silencing effect of siRNA but also due to cellular death, a non-targeted
gene (renilla luciferase form pRL-TK) was measured to normalise the firefly luciferase
expression from pGL3. The observed expression was then also represented as a Relative
Response Ratio (RRR) in which Lipofectamine 2000-siRNA complexes were used as a
positive control and cells without siRNA silencing treatment (co-transfected with pGL3

and pRL-TK) as a negative control.
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Figure 4.24: Effect of chitosan molecular weight and method of siRNA association
to the chitosan nanopartieles on percentage of gene knockdown of pGL3 luciferase
in CHO Kl cells (5 X 10" cell/ well) at 24 and 48 h post transfection (n=6).
Keynotes: Lipo= Lipofectamine 2000 and siRNA M= siRNA mismatch.
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Transfections performed with nanoparticles prepared with different types,
molecular weights of chitosan and methods of siRNA association to the chitosan
revealed that the silencing effect of certain chitosan-siRNA nanoparticles or complexes
had a comparable effect compared to Lipofectamine 2000 (figure 4.24). In contrast, a
negligible silencing effect was observed for naked siRNA as well as Lipofectamine
2000-mismatch siRNA (non-silencing) complexes used as a control. The higher ratio of
firefly to renilla luciferase expression (low percentage of gene knockdown) for naked
siRNA and the cells treated with Lipofectamine 2000-mismatch siRNA complexes
indicated that naked siRNA might be degraded before reaching the cytoplasm and the

specificity of siRNA silencing effect was important as would be expected.

The ability of these chitosan nanoparticles in delivering siRNA to the cells was
apparently independent of the type or molecular weight of chitosan as no obvious
correlation could be seen between these parameters with the gene silencing effect. The
method of siRNA association to the chitosan, however, apparently had an effect on
siRNA silencing. The addition of siRNA together with the TPP ions during the ionic
gelation process (siRNA entrapment) showed better gene silencing activities compared
to other methods for all types of chitosan. In contrast to that, a low inhibition of gene
expression was observed for particles prepared by simple complexation and adsorption
of siRNA onto the preformed chitosan-TPP nanoparticles. This finding might be
attributed to lack of protection against degradation due to the weak binding between the
chitosan and siRNA complex (determined by gel retardation assay) or exposure of
adsorbed siRNA to the nuclease activity. In addition, chitosan glutamate, G213 (470
kDa) showed the highest gene silencing effect at 24 h post-transfection when prepared
either by simple complexation (51% of gene knockdown) or ionic gelation (82% and
63% of gene knockdown for siRNA entrapment and siRNA adsorption, respectively)
compared to its lower molecular weight or chitosan hydrochloride. siRNA entrapped in
chitosan-TPP nanoparticles prepared from chitosan glutamate, G213 even showed a
comparable transfection efficiency to Lipofectamine 2000 (figure 4.24). Nevertheless,
when comparing these gene silencing activities at 24 and 48 h post-transfection, a
higher activity was obtained at 24 than 48 h post-transfection for the cells treated with
siRNA associated with chitosan nanoparticles or complexes, suggesting the release of

siRNA might occur within the first 24 h for most of the tested chitosans. Contrary to
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that, chitosan C1113 for siRNA entrapment had shown a sustain effect of gene silencing

as a higher knockdown activity was detected at 48 h post-transfection.

On the other hand, transfection studies performed in HEK 293 human kidney
cells showed lower gene silencing activities for these chitosan nanoparticles either at 24
or 48 h post-transfection compared to CHO K1 cells. Chitosan G213 for example was
22, 14 and 64% less efficient than Lipofectamine 2000 for chitosan-TPP with adsorbed
siRNA, chitosan-TPP with entrapped siRNA and chitosan-siRNA complexes,
respectively (figure 4.25). Further study also showed that no significant increase in the
gene silencing effect was detected for the higher weight ratio of chitosan-siRNA
complexes (100:1) which indicates that the lower gene silencing effect of chitosan-
siRNA complexes was not due to the 10-fold lower amount of chitosan compared to
siRNA associated with chitosan-TPP nanoparticles. Moreover, stability studies revealed
that these chitosan nanoparticles were stable in medium containing up to 10% serum for
chitosan-siRNA complexes and chitosan-TPP-siRNA nanoparticles (10-fold increased
in particle size was observed at serum concentration of 10% v/v), which indicates that
poor results or gene silencing effect for those particles were unlikely to be due to

aggregation as only 5% serum was used during the transfection.
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Figure 4.25: Relative Response Ratio (RRR) of chitosan nanopartieles prepared
from chitosan glutamate, G213 in CHO K1 and HEK 293 cells (5 X 10" cell/ well)
at 24 h post-transfection. Keynotes: Lipo-siRNA M= Lipofectamine 2000-siRNA
mismatch complexes, pGL3= pDNA encoded Iuciferese gene delivered by

lipofectamine 2000.
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Figure 4.26: RT-PCR analysis of firefly luciferase downregulation by chitosan-
TPP nanopartieles with entrapped siRNA in CHO KI1 cells which transiently
integrated with pGL3 luciferase control (at 24 h post-transfection). Lane A:
untreated cells. Lane B: Lipofectamine 2000-mismatch siRNA, Lane C: chitosan-
TPP nanopartieles with entrapped siRNA and Lane D: Lipofectamine 2000-

siRNA. B-actin was used as a control.
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Investigation of gene silencing by chitosan-TPP nanoparticles with entrapped
siRNA at cellular mRNA level was carried out by semi quantitative reverse
transcriptase PCR (rt-PCR). As shown on figure 4.26, samples from the cells treated
with Lipofectamine 2000-siRNA mismatch complexes resulted in intense band
comparable to that of untreated cells which describing the specificity of siRNA activity.
In contrast, no obvious bands were detected for the samples treated with either chitosan-
TPP nanoparticles with entrapped siRNA or Lipofectamine 2000-siRNA complexes.
The suppression of firefly luciferase expression by those nanoparticles was indeed
caused by degradation of firefly luciferase mRNA that was directly related to RNAi
activity. These findings therefore further confirming the ability of chitosan-TPP
nanoparticles to deliver siRNA into the cells and facilitating siRNA activity in sequence

specific manner.

4.4.2 PLGA-chitosan nanoparticles with adsorbed siRNA

Transfection study of siRNA by PLGA-chitosan nanoparticles (PLGA 3A
incorporated either with C1113 or CI213) was carried out in HEK 293 cells by varying
nanoparticles to siRNA weight ratios. Increasing percentage of gene silencing was
detected in this study with the increasing nanoparticles to siRNA weight ratio from
100:1 to 500:1 as would be expected except for nanoparticles to siRNA weight ratio
500:1 of CI213 as shown on figure 4.27. The low gene silencing effect of CI213 with
nanoparticles to siRNA weight ratio 500:1 could be expected due to the aggregation
since this batch showed difficulty in redispersion in the cell medium. From the graph, it
could be seen that chitosan hydrochloride C1213 with higher molecular weight had a
higher gene silencing effect than CI113. Rt-PCR analysis further demonstrated that
downregulation of luciferase mRNA by PLGA-chitosan nanoparticles with adsorbed
siRNA only occurred to some extent (figure 4.27).
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Figure 4.27: Effect of nanopartieles to siRNA weight ratio on percentage of gene
knockdown by PLGA-chitosan nanopartieles with adsorbed siRNA targeting
against firefly luciferase at 24 h post-transfection in HEK 293 cells (n=3). Gel
image shows downregulation of firefly luciferase mRNA by PLGA-chitosan
nanopartieles with adsorbed siRNA in HEK 293 cells transiently integrated pGL3
luciferase gene at 24 h post-transfection. Lane 1: Lipofectamine 2000, Lane 2:
PLGA-chitosan (CII 13) nanopartieles, PLGA-chitosan (CI213) nanopartieles and

Lane 4: untreated cells.

4.5  Cytotoxicity assay

4.5.1 Chitosan-siRNA complex and chitosan-TPP nanopartieles associated with

SiRNA

To investigate the potential cytotoxicity effects of chitosan-siRNA
nanoparticulate systems, the cell viability was determined by MTT assays as described
in ehapter 2. Over 90% average cell viability was observed for chitosan-siRNA
complexes and naked siRNA in eomparison to untreated eells. However, 18-40% loss of

cell viability was observed for siRNA associated with chitosan-TPP nanopartieles
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although individual TPP and chitosan solutions did not show any loss of cell viability.
The cell viabilities observed with siRNA associated with chitosan-TPP nanoparticles
were however, not significantly different between the different chitosan derivatives.
Nevertheless, the cell viability for certain siRNA associated with chitosan-TPP
formulations was increased at 48 h post-incubation which indicates a new cell growth
was observed within this period (Independent Sample #-test, p<0.05). From the studied
formulations, chitosan G113 showed significant recovery of cells either by adsorbing or
incorporating siRNA with chitosan-TPP nanoparticles during the preparation process
(chitosan-TPP-siRNA). However, for Cl213, significant recovery was observed when
adsorbing siRNA onto the chitosan-TPP nanoparticles. In contrast, C1113 showed high
recovery of the cells when siRNA was added to the chitosan during the ionic gelation
process (figure 4.28). Although only a small improvement of cell viability was observed
for other chitosan-TPP formulations, this finding still gave an indication of a transient

cytotoxicity effect induces by these formulations.

Although chitosan-TPP nanoparticles associated with siRNA showed higher loss
of cell viability than lipofectamine 2000 and chitosan-siRNA complexes, this effect
may be due to the 26.5- and 10-fold higher concentration of chitosan added to the cells
(5.3 pg) compared to only 0.2 pg of Lipofectamine 2000 and 0.53 pg of chitosan-siRNA
complexes, respectively. Moreover, the gene silencing effect of siRNA delivered by
chitosan nanoparticles is not thought to be facilitated by damaged cells or compromise
the cellular membrane, as no reduction in cell viability was observed after transfecting
the cells with pGL3 and pRL-TK vectors by Lipofectamine 2000 (before transfecting
cells with siRNA) as determined by MTT assay after 4 h of post-incubation.
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Figure 4.28: Effect of chitosan molecular weight and method of preparation on
percentage of ceils viability of CHO K1 with cells density of 5 X 10" cell/ well (n=3).
Keynotes: non-treatment cells were used as control, lipo-siRNA= lipofectamine
2000-siRNA complexes and Lipo-siRNA M= Lipofectamine 2000-siRNA mismatch

complexes.

4.5.2 PLGA-chitosan nanopartieles with adsorbed siRNA

MTT assay showed that all the formulations of PLGA-chitosan nanopartieles
were non toxic to the cells giving percentage cell viability more than 95% for the tested
nanopartieles to siRNA weight ratio (100:1 to 500:1) as shown in figure 4.29. They
were also relatively less toxic in comparison to Lipofectamine 2000 (85% cell viability).
Further analyses were also discovered that no significant difference in cell viability was
observed with different molecular weight of chitosan (CIl 13 or C1213). Although, this
system was relatively non-toxic, but its ability to deliver siRNA was frustrating and

need further optimisation before it can be used therapeutically.
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Figure 4.29: Effect of PLGA-chitosan nanoparticles with adsorbed siRNA on
percentage of HEK 293 (5§ X 10° cell/ well) cell viability (n=3). Keynotes: 100:1,
300:1, 500:1 PLGA-CI1113 and PLGA-CI213 respectively represent the varying
weight ratio of PLGA-chitosan nanoparticles of CI1113 and CI213 to siRNA. Lipo-
siRNA= Lipofectamine 2000-siRNA complexes.

4.6 Conclusions

Different physical and biological properties of chitosan nanoparticles were
obtained with a different method of particle preparation used; simple mixing, ionic
gelation and emulsification diffusion method. Optimised ionic gelation method has
shown to be the most ideal method to prepare chitosan-based nanoparticles for siRNA
delivery which could protect siRNA from nuclease degradation and successfully
delivered siRNA into cells with an acceptable cell viability profiles. The particle size of
chitosan-TPP nanoparticles less than 500 nm could be obtained by adjusting certain
preparation parameters such as stirring rate, chitosan to TPP weight ratio and pH of
chitosan solution. In addition, in-vitro cell cultured studies revealed that from among
the investigated chitosan-based nanoparticles, chitosan-TPP nanoparticles with

entrapped siRNA showed the highest efficiency in delivering siRNA (~90% knockdown
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of the targeted gene) compared to other systems. Although, PLGA-chitosan
nanoparticles were relatively non-toxic to cells, but further optimization is needed to
improve its ability to deliver siRNA into cells in-vitro, as only ~30% of the targeted

gene was knocked-down..
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The use of TAT-peptide to deliver siRNA

Cell penetrating peptides (CPP), particularly HIV-TAT-derived peptide have
been widely used to improve cellular delivery of proteins, peptides and nucleic acids
(Brooks et al. 2005). Thus, it has emerged as an attractive gene delivery tool. TAT-
peptides have been recently employed to deliver pDNA and siRNA into cells through
chemical conjugation either to genetic material itself or cationic delivery vehicles such
as polycationic polymers (Kleeman et al. 2005) as well as liposomes (Torchillin ef al.
2003). In this study, attempts have been made to develop delivery systems of siRNA
based on TAT-peptides by simple complexation or mixing without any involvement of
chemical conjugation. TAT-peptide has also been reported to have the ability to
translocate materials across the plasma membrane into the cytoplasm and thus
bypassing endocytosis and acting as a direct cytosolic delivery vector (Fretz et al.
2004). However, recent reports have demonstrated that the uptake of TAT-peptide also
involves the endosomal pathway (Shiraishi et al. 2004). Therefore, calcium was added
to the siRNA-TAT-peptide suspension to enhance transfection efficiency as calcium has
been shown to facilitate endosomal release of polycations (Shiraishi et al. 2004).

siRNA-TAT peptide was prepared by simple mixing and complexation
facilitated through electrostatic interactions between the opposite charges of siRNA and
TAT-peptide. The potential of this method has been investigated in terms of physical
properties of the complexes (e.g. particle size and surface charge), the ability of TAT-
peptide to bind siRNA and subsequently, to transfect cells with siRNA.

The siRNA-TAT peptide complexes had particle sizes between 170 to 193 nm,
depending on the concentration of TAT-peptide. The particle surface charge (zeta
potential) was also dependent on the concentration of TAT-peptides, ranging from -47
to +34 mV when the concentration was increased from 40 to 200 pg/ml. Complete
binding of siRNA and TAT-peptides was achieved with a TAT-peptide to siRNA
weight ratio approaching 15:1, as determined by gel retardation assay. In-vitro cell
culture studies showed that these complexes were able to delivered siRNA into cells
with relatively low cytotoxicity. The addition of 6 mM calcium was also found to
significantly enhance gene knockdown activities of siRNA-TAT-peptide complexes,
almost 2-fold, and was as effective as the commercially available transfection agent,
Lipofectamine 2000®. These findings therefore, illustrate that the delivery of siRNA-
TAT-peptide complexes might also involve endocytosis as calcium has been reported to
facilitate the release of cationic polymer from endosomes (Shiraishi et al. 2005).

TAT peptide has been shown to have promising prospects to deliver siRNA by
simply mixing siRNA with the TAT-peptide in solution without the need of
conjugation. Finally, in-vitro cellular delivery of TAT-peptide could be enhanced by the
addition of calcium to the complex suspension.
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5 The use of TAT-peptide to deliver siRNA

The most important aspect in gene therapy is to specifically deliver genetic
materials to the targeted cells. Unfortunately, the unfavourable physicochemical
properties of these macromolecules such as large molecular weight, hydrophilicity and
the charged nature of these moieties, contributes to the inefficient for those molecules in
crossing the cellular membrane and reaching their intracellular target sites (Frezts ef al.
2004, Lebleu 1996). Attempts to improve cellular delivery of these molecules are being
made. Recently, cell penetrating peptides (CPP), particularly TAT-peptide have
attracted such enormous attentions due to their ability to translocate genetic materials
across the plasma membrane into cytoplasm (Frezts ef al. 2004, Lindgren et al. 2000,
Prochiantz 2000). Therefore, TAT-peptides have been employed to deliver DNA and
recently siRNA into cells by chemical conjugation either to genetic material itself or
nanoparticles (Kleeman et al. 2005). In this study, attempts have been made to develop
delivery systems for siRNA based on TAT-peptides by simple complexation or mixing
without any involvement of chemical conjugation because it needs more complicated

methods to get rid of unwanted chemical reactants or even to asses the final products.

5.1 siRNA-TAT-peptide complexes

SiRNA-TAT-peptide complexes were prepared by simply mixing a siRNA
solution to the TAT-peptide solution. The complex was formed through electrostatic
interaction between negatively charged phosphate groups of siRNA and positively
charged amino acid residues of the TAT-peptide. In this experiment, these complexes

were analysed as a function of TAT-peptide to siRNA weight ratio.

5.1.1 Particle size

The particle size of siRNA-TAT-peptides was found to be in the nanosize scale
with narrow particle size distribution (PI <0.5) dependent on the concentration of TAT-
peptide. The size of these complexes was increased from 170 £1.2 to 205 £0.9 nm as
the TAT-peptide to siRNA ratio was increased from 2:1 to 20:1. The results obtained

are shown below:
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TAT-peptide to siRNA ratio | Z-ave diameter, nm Polydispersity Index, PI
2:1 170 +1.2 0.01 £0.01
4:1 *2645 £75.5 1.00 +0.04
5:1 198 +1.3 0.13 +0.01
7.5:1 197 2.9 0.13 £0.01
10:1 193 +1.3 0.11 £0.00
20:1 205 0.9 ~0.09+0.02

Table 5.1: Effect of TAT-peptide to siRNA weight ratio on the particle size of
siRNA-TAT-peptide complexes as determined by Malvern System 4700c¢
Submicron particle analyser (n=3). *The particle size was inaccurate due to high

polydispersity index.

From the table above, the increase in particle size at the TAT-peptide to siRNA
weight ratio of 4:1 to micro-size particles was thought to be due to the formation of
aggregates as their particle surface charge was almost neutral (-6.3 +£0.3 mv) that
consequently reduced the electrical repulsions between the particles and therefore these

particles may have had more tendency to form aggregates.
5.1.2 Particle surface charge

Besides particle size, particle surface charge of nanoparticles has been reported
to be a critical factor in facilitating gene transfer as nanoparticles with a net positive
surface charge could easily interact with the negatively charged cell membrane
components, principally the phosphate groups of the phospholipids heads, leading to
membrane adsorption and subsequently, cellular uptake of the particle into the cells.
The particle surface charge of siRNA-TAT-peptide complexes was highly dependent on
the TAT-peptide to siRNA ratio and the surface charge could be increased by increasing
the concentration of TAT-peptide. The presence of arginine and lysine residues within
the 13-mer TAT-peptide has been reported to contribute to the highly cationic charge of
the TAT-peptide and they are also responsible in facilitating cellular binding and
subsequently, cellular uptake by the cells.
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Figure 5.1: Particle surface charge of siRNA-TAT-peptide complexes at different
TAT-peptide to siRNA weight ratio (n=3).

5.1.3 siRNA binding efficiency

It has been reported that the eationie nature ofthe TAT-peptide alone promotes
the cellular delivery of very different entities in terms of molecular size, structure and
overall physicochemical properties (Brooks et al. 2005). As mentioned in the earlier
section, the TAT-peptide has been applied to deliver such cargo through chemical
conjugation and the most convenient bond formation for this purpose is that of a
disulfide bridge between the TAT-peptide and the cargo. In fact, some authors reported
a simple mixing of the peptide with an oligonucleotide (Brooks et al. 2005, Moulton
and Moulton 2003) was unsuccessful due to the lack of cargo internalisation into the
cells but sufficient to increase transfection rate of DNA when eomplexing with pDNA
by simple mixing (Brooks et al. 2005, Tung et al. 2002). This therefore illustrates that
covalent linkage may be necessary to facilitate gene transfer in TAT-peptide based

cellular delivery systems.

However, full analysis of complexation would be required in order to address
properly the potential of this method for delivery of siRNA. In this study, attempts to
apply simple complexation as a preparation method for siRNA-TAT-peptide complex

was made by determining their binding efficiency at different weight ratios of TAT-
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peptide to siRNA (TAT-peptide concentrations were varied from 40 to 200 pg/ml and
siRNA concentration was fixed at 20 pg/ml) in order to assess its ability in protecting
siRNA. In this study, complete binding of siRNA to TAT-peptide was only achieved
when the TAT-peptide to siRNA weight ratio was approaching 7.5:1 (TAT-peptide and
siRNA concentration of 150 pg/ml and 20 pg/ml, respectively) as very little migration
of siRNA was observed at this ratio (figure 5.2). Furthermore, heparin was added to the
sample at TAT-peptide to siRNA ratio of 20:1 in order to confirm the presence of
siRNA in the sample. The heparin was used because it is an anion that could

competitively displace siRNA from the TAT-peptide.

Legends:

1: DNA ladder (100 bp)

2: Free siRNA (20 “ig/ml)

3:2:1 1

4:4:1

5501 TAT-peptide to siRNA ratio
6:7.5:1

7:10:1)

& 10:1 TAT-peptide to siRNA weight ratio
with 5 Vil of heparin (1000 units/ml)

Figure 5.2: Binding efficiency of siRNA to TAT-peptide at different TAT-peptide
to siRNA weight ratio as determined by 4% agarose (LMP) gel electrophoresis in
THE buffer, pH 8 containing 0.5 pg/ml ethidium bromide.

5.1.4 siRNA protection by TAT-peptide in the serum

The ability of TAT-peptide complexes to protect siRNA was evaluated by
incubating them in DMEM containing 10% FBS for 48 h. A TAT-peptide to siRNA
weight ratio of 7.5:1 was chosen as at this ratio, siRNA was completely bound to the
TAT-peptide as determined by gel retardation assay. From this study, siRNA was only
protected by TAT-peptide from nuclease digestion up to 24 h. Therefore, TAT-peptide
has shown to protect siRNA from fully degraded by nuclease activity since naked

siRNA was totally degraded even after 10 min incubation in serum.

152



Chapter 5 The use of TAT-peptide to deliver siRNA

Figure 5.3: Effect of serum (10% FBS) on stability of siRNA alone (A) and siRNA-
TAT-peptide complexes (B) with time. The integrity of the siRNA was analysed by
15% polyacrylamide gel containing 7 M urea and TBE (0.089 M Tris base, 0.089
M boric acid, and 2 mM sodium EDTA, pH 8.3) buffer. siRNA bands were
visualised under a UV transilluminator after staining for 40 min with a 1:1000
dilution of SYBR-Green II RNA gel stain (Molecular Probes) prepared in DEPC

treated water.

5.1.5 Biological activities of sSiRNA-TAT-peptide complexes

In-vitro study of siRNA-TAT-peptide complexes was first studied in CHO Kl
cells with the TAT-peptide to siRNA weight ratio ranging from 5:1 to 25:1. To study
biological activities of siRNA-TAT peptide complexes, the cells were first transfected
with reporter vectors, pGL3 control and pRL-TK (Promega) and after 4 h of incubation,
siRNA targeted to the luciferase pGL3 gene was introduced to the cells either
complexed with TAT-peptide or naked in order to evaluate silencing of the expression
of the targeted gene. Analysis of the degree of downregulation of expression of the
targeted gene expression was carried out by measuring the Relative Light Units (RLU)
of luciferase expression using a Dual-Glo assay system kit (Promega) which allows for
the measurement of two types of luciferase protein, firefly and renilla luciferase to be
measured. This is crucial because by normalising the expression of an experimental
(firefly luciferase) to the expression of a control reporter (renilla luciferase) can help to
differentiate between specific and non-specific cellular responses such as cell death,

inhibition ofcell growth and variable initial cell numbers (Technical Manual, Promega).
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Additionally, expressing the results as a relative response ratio (RRR) permits
the comparison of multiple treatments from the different experiments. However it
requires the inclusion of two sets of controls on each plate, a positive control that
provides maximal luminescence and a negative control that provides minimal
luminescence. Therefore, the RRR can be used to assist in determination of the effect of
a new experimental treatment on reporter gene expression within the context of positive

and negative control (Technical Manual, Promega).
5.1.5.1 Effect of TAT-peptide to siRNA ratio

TAT-peptide to siRNA weight ratio plays an important role in physical
properties of siRNA-TAT-peptide complexes as particle size, surface charge and
binding efficiency of siRNA to TAT-peptide were affected by this ratio. The results
obtained from this study revealed that 47% downregulation of gene expression were
observed when the cells were treated with the complex at the TAT-peptide to siRNA
ratio of 20:1. Ratios less than 20:1 seemingly had no great impact on gene expression as
only 4.39% + 5.22 and 12.67% + 11.1 of gene downregulation were observed for the
cells treated with 5:1 and 15:1 TAT-peptide to siRNA weight ratios, respectively. The
minimal effect of TAT-peptide to siRNA of 5:1 weight ratio was expected because of
the suboptimal binding of siRNA to the TAT-peptide as shown in figure 5.2, leading to
the degradation of siRNA due to the exposure of the siRNA towards nuclease.

On the other hand, minimal effects of gene silencing for TAT-peptide to siRNA
weight ratio of 15:1 were also observed although at this ratio, complete binding of
siRNA to the TAT-peptide was achieved. In this case, the suboptimal effects might be
due to the minimal exposure of arginine residues of the TAT-peptide. The guanidium
group of the arginine side chain was shown to be more potent in mediating cellular
uptake than other cationic groups such as those on lysine, histidine or ornithines
(Brooks et al. 2005, Mitchell et al. 2000) and deletion of a single arginine residue
severely reduced internalisation (Silhol er al. 2002, Werder et al. 2000, Vivés et al.
1997). At this ratio (15:1), it was thought that the exposure level of arginine residues at
the molecular surface of the complex was limited since they were bound with the
siRNA to form a complex. Therefore, they were unable to deliver siRNA efficiently. In
addition, no significant downregulation of gene expression was observed after 24 h of

incubation when the ratio was increased to 25:1 as only 9% of gene downregualtion was
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obtained. Furthermore, incubating the treated cells for a longer period (48 h) apparently
did not increase the silencing effect of those siRNA-TAT-peptide complexes.

5.1.5.2 Effect of cell lines

The ability of the TAT-peptide to successfully deliver siRNA in various cells
has been reported previously in various literatures such as human lung epithelial cell
line, A549 (Kleeman et al. 2005), human ovarian carcinoma cell line, OVCAR-3 (Fretz
et al. 2004) and HeLa cells (Silhol ef al. 2002). Therefore, in this study, another type of
cell line was used to determine the effects of cells line on biological activities of siRNA
complexed to TAT-peptide. The same transfection protocols were carried out in HEK
293 cells and the results showed that only 18% downregulation of gene expression was
obtained when the cells were treated with siRNA-TAT-peptide complex of 20:1 weight
ratio (TAT-peptide to siRNA). Indeed, there was no significant difference on gene
silencing activities of sSiRNA-TAT-peptide complexes when the TAT-peptide to siRNA
weight ratio was increased from 5:1 to 20:1. These results demonstrated that the ability
of TAT-peptide to deliver siRNA was dependent on the cell lines (partially cell specific)
as different cell lines have different characteristics and cellular surface components. The
mechanism of the internalization of the TAT-peptides however, is not completely
understood but the peptides show a strong ionic interaction with sulphated
glycosaminoclycans and with the phospholipid head groups at the membrane surface

and subsequently, internalisation into the cells.
5.1.5.3 Effect of calcium

TAT-peptide has been reported to show the ability to translocate material across
the plasma membrane into the cytoplasm and thus it could bypass endocytosis and acts
as a direct cytosolic delivery vector. However, recent reports have demonstrated that the
uptake of TAT-peptide also involves the endosomal péthway. It has been reported that
calcium could enhance transfection efficiency of cell penetrating peptides and several
other polycation/DNA complexes (e.g. protein Histone HI) presumably by facilitating
endosomal release (Shiraishi ez al. 2005, Haberland et al. 1999, Bottger et al. 1998).
The effects of calcium on biological activities of siRNA-TAT-peptide complexes were

therefore investigated in the HEK 293 cells by adding various concentrations of calcium
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chloride, ranging from 3 to 6 mM to the complex suspension (20:1 TAT-peptide to

siRNA ratio) before adding to the cells. The results obtained are shown below:
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Figure 5.4: Effect of calcium on biological activities of siRNA-TAT-peptide
complexes in HEK 293 cell with cells density of 5 X 10" cell/ well at 24 h post-
transfection (n=3). Keynotes: pGL3 alone= without siRNA treatment (negative
control). * The difference between the addition of calcium at 5 or 6 mM to the
suspension of TAT-peptide-siRNA complexes and TAT-peptide-siRNA complexes

(without calcium) was significant (p<0.05).

From the graph, the addition of calcium above 4 mM could enhance
downregulation of luciferase gene expression and the effeet was increased with the
increase of calcium molar concentration. 16.5 + 2.7, 42.1 + 8.8 and 53.0 + 182 % of
targeted gene knockdown was gained when the cells were treated with siRNA-TAT-
peptide complexes containing 4, 5 and 6 mM of calcium chloride, respectively.
Furthermore, the gene silencing activity of the siRNA-TAT-peptide was 1.7-, 4.5- and
5.7-fold increased in the presence of 4, 5 and 6 mM calcium chloride respectively
compared to siRNA alone or 1.4-, 3.7- and 4.7-fold increased in comparison to TAT-

peptide-siRNA complexes without the addition of calcium. In contrast, addition of
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calcium into the siRNA solution did not significantly induce gene downregulation and a
higher calcium molar concentration than 6 mM did not further increase the gene
silencing effect of the siRNA-TAT-peptide complexes as at this point, cell viability
started to decrease significantly . These results demonstrate that calcium as low as 5 and
6 mM (one way ANOVA, followed by Post hoc comparable test, p<0.05) could
significantly enhance the effect of siRNA complexed to TAT-peptide presumably by
facilitating endosomal escape of these complexes after cell entry. However, formation
of co-precipitates between calcium ions and TAT-peptide complexes by reacting with
phosphate ions in the medium which subsequently leading to their uptake into the cells
(Haberland et al. 1999) could not be absolutely excluded and need further

investigations.

Additionally, further analysis showed that the addition of 6 mM calcium to the
siRNA-TAT-peptide complexes was as effective as siRNA complexed to the
commercially transfection agent, siRNA-Lipofectamine 2000 complexes in silencing
the expression of the luciferase gene. The effect of siRNA-TAT-peptide complexes was
also specific to the targeted gene as no significant reduction of expression was observed

for mismatch siRNA complexed to Lipofectamine 2000 as shown below:
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Figure 5.5: Comparison of gene silencing efficiency of siRNA-TAT-peptide
complexes with increasing molar ratios of calcium compared to the negative
control of siRNA-Lipofectamine 2000 complexes (Lipo-siRNA) and positive control
of without siRNA treatment (pGL3) (n=3). Keynote: Lipo-siRNA M=
Lipofectamine 2000-siRNA mismatch complexes, TAT-peptide-siRNA=siRNA-
TAT-peptide-complexes at a TAT-peptide to siRNA ratio 20:1.

These findings therefore illustrating that the delivery of siRNA-TAT-peptide
complexes might also involve endocytosis pathway as calcium has been reported to

facilitate the release of cationic polymer from endosomes (Shiraishi ef'al. 2005).

5.1.6 Cytotoxicity assays of siRNA-TAT-peptide complexesA-TAT-peptide

complexes

No significant loss of cells or inhibition of cell growth were observed for the
cells treated with siRNA-TAT-peptide complexes in both types of cells except TAT-
peptide to siRNA weight ratio of 15:1 (this was confirmed by statistical analysis, one
way ANOVA (p< 0.05), followed by Post hoc multiple comparison test), illustrating
these complexes were relatively non-toxic to the cells and these findings were
independent on TAT-peptide to siRNA weight ratio (figure 5.6). Additionally, no sign

of cell death was observed when the treated cells were incubated for 48 h (one way
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ANOVA, F(7)=2.101, p=0.73). Perhaps, the observed increase cell viability is likely
due to cell growth although it is only statistically significant for Lipofeetamine-2000-
siRNA complexes (Independent Sample T-test, p<0.05).
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Figure 5.6: Effect of siRNA-TAT-peptide complexes at different TAT-peptide to
siRNA ratio on percentage of CHO K1 cells viability 5 X 10" cell/ well after 24 and
48 h of post-incubation (n=6). Keynote: Lipo-siRNA= Lipofectamine 2000 siRNA

complexes.

Furthermore, calcium as a cellular delivery enhancer for the siRNA-TAT-
peptide was also assessed for its effects on the cells. To investigate this effect, calcium
(3 to 6 mM) was added to siRNA-TAT-peptide complexes and naked siRNA before
treating the cells. It was found that the addition of calcium up to 6 mM showed no
significant loss of cells or inhibition of cell growth (one way Anova and F(15)=0.997,

p=0.481).
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Figure 5.7: Effect of calcium at various molar concentrations on percentage of
HEK 293 cell viability (5 X 100 cell/ well) (n=3). Keynotes: Lipo-siRNA=
Lipofectamine 2000 siRNA complexes, Lipo-siRNA M= Lipofectamine 2000-siRNA

mismatch complexes, medium=untreated cells (control).

However, an earlier study that was carried out in order to determine the optimal
concentration of calcium as a possible cellular delivery enhancer agent discovered that
the maximum desirable molar concentration of calcium was 6 mM as at molar
concentrations higher than this point, significant reduction of cell viability was
observed. The loss of cells was thought to be due to the osmotic effect induced by salt

that led to the cellular death.

5.2 Conclusions

Simple complexation method, through mixing, enables the TAT-peptide to
deliver siRNA without the use of chemical conjugation. TAT-peptide to siRNA weight
ratio was found to affect both physical (particle size, surface charge and siRNA binding
capacity) and biological properties (delivering siRNA into cells) of resultant TAT-
peptide-siRNA complexes. Additionally, calcium could be used as an effective enhancer

for in-vitro delivery of siRNA-TAT-peptide complexes and the system has been shown
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to be a relatively non- toxic to the cells. Therefore, this system has a promising future to

be used as a delivery system for a therapeutic siRNA.
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In-vitro investigation of chitosan-TPP nanoparticles with entrapped siRNA by
targeting p38-MAPK gene

Since discovery of siRNA a decade ago, siRNA has been subjected to intensive
investigation and further development for the treatment of several diseases. Many lung
diseases like asthma and chronic obstructive pulmonary disease (COPD) have been
reported to be related to inflammatory responses to injury or certain stimuli. The
mitogenic-activated protein kinase (MAPK); p38 has been linked to inflammatory
cytokine production and cell death following cellular stress and it may be involved in
pathogenesis of lung diseases. Inhibition of p38a MAPK and its signalling have
therefore been investigated as a strategy in the treatment of these diseases. One
approach to this inhibition is to use siRNA to silence the targeted gene.

In this study, siRNA MAPKI14 was used to target the p38a gene. To facilitate
siRNA transfer to cells, chitosan-TPP nanoparticles were investigated as a vector. These
particles were prepared by ionic gelation using TPP ions and siRNA was entrapped into
the particles by adding siRNA together with the ions during the gelation process. These
particles were then subjected to serum protection assays as well as further transfection
and toxicity studies in J774A.1 macrophage cells by using real-time RT-PCR and the
MTT assay, respectively.

The results obtained showed that chitosan-TPP nanoparticles were able to
protect siRNA from nuclease activity up to 48 h after incubation in 50% v/v mouse
serum. Transfection studies also revealed that chitosan-TPP nanoparticles could deliver
siRNA to cells and allow siRNA to exert its effect for up to 72 h. Chitosan-TPP
nanoparticles with entrapped siRNA (10 nM) was observed to knockdown 40% +1.3 of
the targeted gene expression at 24 h post-transfection and this was further increased to
80% *17.7 at 72 h post-transfection. The system was also found to be less toxic than
Lipofectmaine 2000" as determined by the MTT assay in J774A.1 and 1929 cells.

Chitosan-TPP nanoparticles have been illustrated to be a better delivery system
than a commercially available transfection agent, Lipofectamine 2000 in transfecting
cells with siRNA and this system also has a relatively lower cytotoxicity. Chitosan-TPP
nanoparticles therefore, have a great potential as therapeutic delivery systems for
siRNA.
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6 In-vitro investigation targeting p38 MAPK

Further in-vitro investigation has been carried out by targeting p38 mitogenic
activated protein kinases or MAPKs. MAPKs are a group of cytoplasmic serine
threonine kinases which are involved in cell recognition and responses to extracellular
stimuli (Tai et al. 2004). They have also been reported to play a vital role in the
regulation of cell activities; from gene expression, mitosis, metabolism, cell survival
and apoptosis as well as cell differentiation (Roux and Blenis 2004). There are five
distinct groups of MAPKs that have been characterized in mammals: extracellular
signal-regulated kinases (ERKs) 1 and 2 (ERK1/2), c-Jun amino-terminal kinases
(JNKs5) 1, 2, and 3, p38 isoforms a, B, v, and 6, ERKs 3 and 4, and ERKS. From among
these groups only ERKs, JNKs and p38 have been extensively studied to date (Chen and
Khalil 2006).

Activation of ERK 1 or 2 has been associated with cell survival and proliferation
whereas JNK and p38 MAPK are linked to cell apoptosis (Luppi et al. 2005, Moreno-
Manzano et al. 1999) whereby cell fate is regulated by a balance between these three
MAPK kinase pathways (Luppi et al. 2005, Makin and Dive 2001). Although the
activation of these pathways could be induced by the same stimuli, the ERKs are mainly
activated by growth factors. Meanwhile, JNKs and p38 are preferentially induced by
stress-inducing agents (osmotic shock and ionizing radiation) and proinflammatory
cytokines (Roux and Blenis 2004, Victoria Sanz-Moreno et al. 2003, Pearson et al.
2001, Whitmarsh and Davis 1996).

The p38 MAPK pathway has been targeted in this work because of its vital role
in orchestrating inflammation in diseases like arthritis, cystic fibrosis (CF) (Raia et al.
2005), chronic obstructive pulmonary disease (COPD) (Luppi et al. 2005) and
hypertension (Ono et al. 2006). Various stimuli (cellular stresses) that act on the cell
may cause activation of p38 MAPK by dual phosphorylation of tyrosine and threonine.
This phosphorylation is catalyzed by MAPK kinases (MKKs) via activation of MAPK
kinase kinases (MAP3K) which in turn phophorylate and activate the MKKs (Newton
and Holden 2006) as shown in figure 6.1. Once activated, p38 is translocated to the
nucleus where it phosphorylates and activates different transcription factors and
transactivates target genes including a key regulator of proinflammatory cytokines’

transcriptional machinery, transcription factor AP-1 (Dong et al. 2006).
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There are four members of the p38 MAPK family. p38a however is the most
studied and relevant kinase involved in inflammatory responses (Nath et al. 2006,
Kumar et al. 2003). It has been described that p38c is activated in macrophages,
epithelia or endothelia cells which are involved in cell signalling and mediating
inflammatory responses by phosphorylating several cellular targets, including cytosolic
phospholipase A2, the microtubule-associated protein Tau, and the transcription factors
ATF1 and -2, MEF2A, Sap-1, Elk-1, NF«xB, Ets-1, and p53 (Roux and Blenis 2004).
From among those cellular targets, MEF2C, AFT-2 and Elk-1 have been reported to be
involved in initiating c-Fos and c-Jun; constituent proteins of AP-1 which therefore,
suggests that the p38 MAPK pathway might be involved in the activation of AP-1 and

subsequently inflammation.

163



Chapter 6 In-vitro investigation targeting p38 MAPK

Cytokines &
Activators ctremokines Infection Growth factors Neurotransmitters Kinins  Cellular stress Lipids  Pollutants
T L]
MAP2K j  MKK3 MKK6
MAPK p38a 1 P38p P38y ~/ p388
tR*"APKAP*K2> <]*APKAP"Kp>, PRAK MSK M2 MNK 1/2 Other target”,
Histone H3 CHOP, Max. ATF2,
T ipti 1 !c-Jun, TCFs(Elk-1."
ranscriptiona Sap-1a), STATI &
HMG-14 4, MEF2C, TBP
Post- t\sp27?
o ? i elF4E
transcriptional TTP ftsp27? hsp27/? hnRNP-AT
& Translational hnRNP-AO n B

Figure 6.1: The p38 mitogen activated protein (MAP) kinase (MAPK) activation
cascade. This schematic diagram shows activation pathways which leads to the
activation of p38 MAPK isoforms. Various stimuli or stresses that act on cells may
cause activation of p38 MAPK isoforms through the sequential activation of the
MAP kinase kinase kinases (MAP3K), which phosphorylate and activate the MAP
kinase kinases (MAP2K). These in turn phosphorylate the p38 MAPKs, which on
activation, are able to phosphorylate several targets including downstream kinases

as well as other effectors (courtesy of Newton and Holden 2006). Keynotes: ARE, AU
response element; ASKI, apoptosis signal-regulating kinase 1; ATE, activating transcription factor;
CHOP, CCAAT/enhancer-binding protein (C/EBP) homologous protein; cPLA”, cytosolic
phospholipase A% CREE, cyclic AMP response element binding protein; eIF4E, eukaryotic
initiation factor 4E; HMG-14, high mobility group 14; hsp27, heat shock protein 27; MAPK,
mitogen-activated protein kinase; MAP2K, mitogen-activated protein kinase kinase; MAP3K,
mitogen-activated protein kinase kinase kinase; MAPKAP-K (or MK), MAPK-activated protein
kinase; MEF2C, myocyte-specific enhancer binding factor 2C; MEKK, mitogen-activated protein
kinase/extracellular protein kinase kinase kinase; MKK, MAP kinase kinase; MNK, MAPK-
interacting kinase; MSK, mitogen- and stress-activated protein kinase; PRAK, p38-
related/activated protein kinase; STAT, signal transducer and activator of transcription; TAK,
TGFP activated kinase; TAOs, thousand and one kinases; TBP, TATA-binding protein; TTP,
Tristetraprolin, TCF, ternary complex factor; SLO, 5-lipoxygenase; hnRNP, heterogenous nuclear

ribonuclear protein.
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The role of p38 MAPK in several discase models has been investigated by
inhibiting the p38 MAPK pathway. A second generation p38 MAPK inhibitor, SB
203580 has been widely used to investigate this. This inhibitor for example has been
used to show the involvement of p38 MAPK in mediating the release of TNF-a and IL-
1B and it has been reported to reduce the pulmonary inflammatory response after
cardiopulmonary bypass (Dong et al. 2006). In different study, Nash and Heuertz
(2005) reported that the inhibition of p38 MAPK by SD203580 could offer protection in
the lungs from both neutrophil influx as well as protein leakage associated with acute
lung injury. Other types of p38 MAPK inhibitor are an orally active p38 MAPK
inhibitor, SD282 that has been used in a chronic model of allergen exposure (Nath et al.
2006) and ODN in single allergen exposure model (Duan ef al. 2005). These findings
support fact notion that p38 MAPK is involved in the pathogenesis of asthma. In
addition, the inhibition of p38 MAPK has also been shown to be efficacious in several

other disease models including CF, arthritis, septic shock and myocardial infarction.

Due to increasing development in RNAI based technology, siRNA has also been
investigated for utilisation in the inhibition of p38 MAP kinase. The siRNA that has
been used in this study is MAPK 14 siRNA which targets p38 MAP kinase in order to
treat various lung diseases related to inflammation, for example acute lung injury and
acute respiratory distress syndrome. The sequence of siRNA MAPK14 (RNA-TEC,
Belgium) that has been used is 5-GGGAGGUGCCCGAACGAUAUIAT-3 and 3-
idTUCCCUCCACGGGCUUGCUAU-S for sense and antisense strands, respectively.

A previous study that has been done by Moschos (2006) in male BALB/c mice
reported that p38a MAPK gene expression was detected in most of the body parts
including small intestine, liver, heart, eyes, lung and kidneys. On the other hand, up to
45% of gene knockdown was observed when MAPK14 siRNA was administered to
mice and the activity was found to be dose-dependent. In addition, no immunological
response to MAPK 14 siRNA constructs was detected in-vivo as no effect upon relevant
protein level (e.g. IFNa, TNFa) were observed at 6, 12 and 24 h. Futher study using
TAT-peptide (YGRKKRRQRRK) to deliver siRNA MAPKI14 revealed that no
significant improvement in both knockdown efficiency and duration of action up to 24 h
between naked and conjugate siRNA MAPK14 (Moschos 2006). These observations
emphasise that the need for better vectors is paramount to enable siRNA MAPK14 to be

used therapeutically.
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6.1 Chitosan-TPP nanoparticles as a vector

In this study, chitosan was chosen to deliver siRNA MAPKI14 due to its
advantages over PEI such as its excellent biodegradability and biocompatibility
properties. Earlier in-vitro studies have shown that only chitosan with entrapped siRNA
made from chitosan G213 and Cl113 had the capability to delivered siRNA into
mammalian cells with a high knockdown of luciferase gene expression. Therefore, only

these chitosans were used for further study using MAPK 14 siRNA.

6.1.1 Particle size and surface charge

The same method as in the previous studies has been used to prepare MAPK 14
siRNA whereby siRNA is entrapped into chitosan-TPP nanoparticles. The method used
was ionic gelation with a chitosan to TPP ions weight ratio 5:1 and chitosan was
dissolved in acetate buffer (0.1 M) at pH 4.5. The yielded nanoparticles had a particle
size less than 150 nm dependent on the type of chitosan used (either chitosan G213 or
Cl113). These particles were positively charged and siRNA was completely bound to
the chitosan nanoparticles as determined by Zetamaster® measurement and gel

retardation assay. The size and surface charge of these nanoparticles are shown below:

Chitosan Z-average, nm Polydispersity Surface charge,
SD (+) index, PI mV
SD (%) SD ()
G213 108.7+0.9 0.250 + 0.002 +199+1.4
Cl113 148.7+ 0.7 0.249 £ 0.010 +27.6 £2.7

Table 6.1: Particle size and surface charge of chitosan-TPP nanoparticles with

entrapped siRNA, n=9,.
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Key:
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2: siRNA (0.25 pM)
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Figure 6.2: siRNA binding efficiency to the chitosan-TPP nanoparticles by gel
retardation assay using 20% polyacrylamide gel in TBE buffer (pH 8), followed by
40 min staining with Sybr Gold (Invitrogen).

6.1.2 Serum stability

Before any in-vitro studies were carried out with siRNA MAPK 14, a series of
stability testing in serum was performed to determine the ability ofthese vector systems
to protect siRNA from nuclease activity. For this analysis, siRNA entrapped in
chitosan-TPP nanoparticles was incubated in 50% v/v final concentration mouse serum
for 72 h at 37 °C. At each pre-determined time, 20 pi of the mixture was taken and
transferred to a new centrifuge tube, followed by centrifugation thrice at 22 000 X g for
30 min. Each sample from the chitosan-TPP nanoparticles with entrapped siRNA was
also treated with 2 pi ehitosanase (chitosanase from Streptomyces sp.I5 unit/ mg
protein. Sigma) to degrade and in turn to release siRNA from the particles before
electrophoresis at 150 mV for 1 h using polyacrylamide-TBE gel (20%, Invitrogen,
UK). After electrophoresis, the gel was stained with Sybr Gold (Invitrogen, UK) and

viewed uder UV light at 365 nm.

The results obtained from this study showed that siRNA entrapped in chitosan-
TPP nanoparticles was protected from nuclease activity for up to 48 h compared to
naked siRNA which had been degraded after 10 min incubation in mouse serum. In fact,
more than 50% of intact siRNA could still be recovered from the chitosan-TPP
nanoparticles made from chitosan C1113 and less than 10% recovered from chitosan

G213 after 24 h incubation in mouse serum as shown below (figure 6.3):
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Figure 6.3: siRNA stability in 50% v/v mouse serum. A: naked siRNA, B: siRNA
entrapped in chitosan-TPP nanoparticles (C1113) and C: siRNA entrapped in
chitosan-TPP nanoparticles (G213).

This experiment therefore, illustrated that chitosan C1113 was able to protect
siRNA more efficiently than chitosan G213 from nuclease degradation. These findings
were also corresponded with a previous in-vitro cell cultured study that was done using
an encoded siRNA firefly luciferase gene where gene silencing activity of siRNA
delivered by chitosan-TPP nanoparticles prepared from C Il 13 showed a sustained effect

of gene knockdown up to 48 h compared to a more transient effect mediated by chitosan
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G213. A high gene silencing using chitosan G213 was only detected up to 24 h post
transfection which was thought to be due to the observation that more than 90% of

siRNA was degraded by nuclease activity at 48 h.

6.1.3 In-vitro study

The ability of the chitosan-TPP nanoparticles to mediate RNA interference in
primary cells was evaluated in J774.A.1 cells line. This cell line is a macrophage cell
type from female adult BALB/cN mice which shows antibody dependent phagocytosis
(American type cell collection) and plays an important role in inflammatory as well as
viral diseases, and a suitable target for RNAI tharapies (Howard et al. 2006). Only
chitosan-TPP nanoparticles prepared from chitosan Cl113 were used in this in-vitro
study because it has been shown to be superior over chitosan G213 in protecting siRNA
from nuclease activity. Two doses were investigated in this experiment (1 and 10 nM)
and expression of the targeted gene was monitored for up to 72 h using RT-real-time
PCR.

For this work, cells were seeded and grown 24 h before transfection in 96-well
plate format with a cell number of 1 X 10* in OptiMEM reduced serum (Invitrogen)
containing 5% of FCS. On the day of transfection, 100 ul of naked siRNA solution or
chitosan-TPP nanoparticles with entrapped siRNA suspension was added to the cells in
triplicate and incubated at 37°C with 5% CO; in a humid environment for 12 h before
the medium was replaced with fresh growth medium. At each pre-determined time-
point, total RNA was extracted using RNeasy mini column kits (Qiagen, UK) according
to the manufacturer’s instructions. Lipofectamine 2000 (Invitrogen, UK)-siRNA
complexes and cell media were used as positive and negative controls, respectively for

each experiment. Each formulation was tested in three separate experiments.

Gene knockdown efficiency of siRNA either alone or transfected with chitosan-
TPP nanoparticles/ Lipofectamine-2000 was analysed by quantitative real time RT-PCR
(Applied Biosystems AB 7500 thermal cyclers) using primers and taqman probes. In
addition, 18S rRNA was used as an internal standard. In this experiment, cDNA was
generated from RNA extract (0.5 pg in RNase free water up to 19.25 pl) using random
hexamers as primers by mixing it with the following components (all reagents from

Applied Biosystems) to give a final volume of 50 ul: 5 ul 10X RT buffer, 11 ul MgCl,
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(10 mM), 10 pl dNTP (10 mM), 2.5 pl random hexamers (50 mM), 1 pl RNase
inhibitors (40 units/pl) and 1.25 pl MultiScribe™ (50 units/ul). The RT reaction was
performed at 25°C for 10 min, followed by 48°C for 30 min and 95°C for 2 min. On the
other hand, quantitative real time PCR was performed using an Assay on Demand
(AOD, Tagman Gene Expression Assay for mouse MAPK14, Applied Biosystems) in
addition to the ubiquitously expressed control (Eukaryotic 18S rRNA endogenous
control (VIC/ TAMRA probe, Applied Biosystem). Briefly, the sample was prepared by
mixing 3 pl of cDNA (2.5 ng/ul) with 12.5 pl Universal Master Mix (2x), 1.25 ul AOD
(20x), 1.25 pl 18 S (20x) and 7 pl nuclease-free water (Promega).

The results obtained showed that a significant gene knockdown was observed
for the cells treated with siRNA delivered by chitosan-TPP nanoparticles at 1 nM 24 h
post-transfection where only 60% +1.3 of the targeted gene was expressed compared to
90% +33.6 and 85% +6.14 for naked siRNA and Lipofectamine-siRNA complexes,
respectively (oneway ANOVA, followed by Post hoc multiple comparison test, p<0.05).
In contrast, no significant difference in gene expression was detected between all the
formulations with the dose of 10 nM although the cells treated with chitosan-TPP-
siRNA nanoparticles showed a slightly lower gene expression compared to naked
siRNA or Lipofectamine 2000-siRNA complexes. Nevetheless, a significant reduction
in gene expression with chitosan-TPP-siRNA nanoparticles at 10 nM could be observed
after 72 h post-transfection, in which almost 80% +17.7 of the targeted gene expression
was knocked down compared to only 65% +26.8 for Lipofectamine-2000-siRNA
complexes. A higher gene knockdown for siRNA vectorised by chitosan-TPP
nanoparticles was thought to be linked to the chitosan’s ability in activating and
entering macrophages via manose-type lectin receptors as well as the ability of
macrophages to phagocytose nanoparticles (Howard et al. 2006, Mori et al. 2005, Fung
et al. 2004). On the other hand, no further significant reduction in the targeted gene
expression was detected for formulations at 1 nM either at 48 or 72 h post-transfection
as shown in figure 6.4. An increase in expression of the targeted gene for the cells
treated with Lipofectamine 2000-siRNA complexes (1 nM) at 72 h post-transfection

however is not yet understood.
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Figure 6.4: Percentage of gene expression for naked siRNA, chitosan-TPP-siRNA
(chi-siRNA) nanoparticles and Lipofectamine-2000-siRNA complexes (lipo-siRNA)
in J774A.1 cells at different time-points post-transfection, (n=9). Gene expression
of the total RNA from the lysis cells was analysed by quantitative real-time PCR
using primers and taqgman probe. In addition, 18S rNA was used as an internal
standard (housekeeping gene). Transfections were performed in J774A.1 cells at
density of 1 x 10" cells/ well. * The difference between chitosan-TPP-siRNA

nanoaprticles and Lipofectamine 2000-siRNA complexes was significant (p<0.05).

MTT assays were also performed to investigate the presenee of any toxie effeet
to the treated eells from the formulations in terms of inhibition of cell growth or cell
death. The results obtained showed that the percentage of cell viability was dependent
on the dose of formulation used to transfect the cells as well as the duration of
incubation with the formulation (figure 6.5). A slight loss in cell viability was detected
which ranged from 20 to 30 % of cell loss for all the formulation at the dose of 10 nM at
72 h post-incubation. Contrary to that, no significant reduction in cell viability could be

seen in the cells treated with the dose of 1 nM even after up to 72 h post-incubation.
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The inhibition of cell growth or cell death was thought to arise from the
components of the transfection agents -either chitosan-TPP nanoparticles or
Lipofectamine 2000 as approximately 15% cell loss was observed when the cells were
treated with the agent alone and this effect could be observed with a higher
concentration which in turn might lead to cell death and reduce the activity of
mitochondrial dehydrogenase. The cytotoxicity effect of these transfecting agents was
also closely related to the increase in density of their positive charge as no charge
neutralisation by siRNA occurrs in the case of transfecting agent alone. A higher charge
density contributing to the cytotoxic effect has been reported as possibly due to strong
electrostatic interaction with cellular anionic macromolecules such as proteins, various
types of RNA and genomic DNA which would impair the normal cellular functions of
these polyanions, resulting in toxicity (Thomas et al. 2005). This corresponds with the
findings that a significant decrease in cell viability was observed for the cells treated
with chitosan-TPP nanoparticles (10 nM or 280 pg/ml) or Lipofectamine 2000 (10 nM
or 1 pg/ml) alone in comparison to entrapped or complexed with siRNA at the same
molar concentration (one way ANOVA, followed by Post hoc multiple comparison test,
p<0.05). Although, the experimental data obtained from this study described that
chitosan-TPP nanoparticles could also cause a loss in cell viability (at 10 nM), but the
concentration of nanoparticles used was in fact, almost 300 times higher than
Lipofectamine 2000 as dose was determined by altering only siRNA molar
concentration and not the mass ratio between siRNA and nanoparticles or
Lipofectmaine 2000. Therefore, direct comparison of toxic effects between chitosan-
TPP nanoparticles and Lipofectamine 2000 could not be done. However, it is important
to investigate the effect of formulations on the cells as they are during transfection
studies to ensure the reliability of the data in terms of direct relevance for a comparable

dose of the active agent.
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Figure 6.5: Effect of dose and duration of incubation with naked siRNA,
trasfecting agents or combination of both on percentage of J774A.1 cell viability,

n=9.

Toxicity studies were also performed in L929s cells, a mouse fibroblast cell line,
L929s cells (A gift from Dr. Simon Jones, Astra Zeneca). In this study, siRNA
mismatch (GCGAGCUGCGCGAAGGAUAATAT, Astra Zenaca) was used to evaluate
the tendency of siRNA MAPK 14 to induce cytotoxicity on its own. From the graph
below (figure 6.4), no toxicity was observed when the cells were treated with the naked
siRNA either siRNA MAPK 14 or mismatch even at a concentration as high as 100 nM.
These results therefore, clearly confirmed that the silencing activity of siRNA MAPK 14

could be enhanced by using a non-toxic and serum resistant delivery system.

On the other hand, Lipofectamine 2000 was shown to be toxic to the cells and
significant cell death was observed at 100 nM for Lipofectmaine 2000-siRNA
complexes where 70% £0.95 and 80% =0.6 cell loss was detected when complexing
with siRNA MAPK 14 and mismatch, respectively (ANOVA followed by Post hoc
comparable test, p<0.05). In contrast to Lipofectmaine 2000, chitosan-TPP
nanoparticles were found to be a relatively less toxic even at 100 nM either entrapped

with siRNA or chitosan nanoparticles alone.
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Figure 6.6: Cell viability of formulations in L929s cells at 24 h post-incubation,
n=9. Keynotes: Lipo-siRNA = Lipofectamine 2000-siRNA and chitosan=chitosan-

TPP nanoparticles.

Further investigation also showed that chitosan nanoparticles were much less
toxic than Lipofectamine 2000 even at 72 h post-incubation. Less than 10 % +1.2 ofthe
cells treated with Lipofectamine 2000-siRNA complexes were viable at 100 nM at 72 h
post-incubation whereas viability of the cells treated with chitosan nanoparticles was
more than 50% 5.1 even at 100 nM (figure 6.7). These findings therefore, suggest that
chitosan nanoparticles have a relatively low cytotoxicity and have a great potential to be

used as a vector for siRNA.
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Figure 6.7: Cell viability of formulations in L929s cells at different time-points,
n=9. Keynotes: Lipo-siRNA=Lipofectamine 2000-siRNA MAPK14 complexes and
Lipo-siRNA M= Lipofectamine 2000-siRNA mismatch.

6.2 Conclusion

Chitosan-TPP nanoparticles with entrapped siRNA have been discovered to be a
nuclease-resistant delivery system which has the ability to protect and deliver siRNA
into cells. This system has also been shown to allow the vectorised siRNA to silence an
endogenous gene; P38a MAPK with sustained activity and low cytotoxicity up to 72 h

at a siRNA concentration of 10 nM.
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7  General discussion and future works

The use of cationic polymeric nanoparticulate systems to deliver genetic
materials such as pDNA has been explored for more than a decade. Only recently, these
carrier systems have been studied for a new and potent gene regulator, short interfering
RNA or siRNA. From among these cationic polymers, only three types of cationic
polymers have been used in this study. All these cationic polymers enable a high
efficiency of macromolecules delivery but each of them has different structural
properties. These polymers are PEI, chitosan and TAT-peptide which possess a high
density of positive charge particularly from cationic-NH-groups which allow them to
form a non-covalent intra-polyelectrolyte complex with anionic phosphodiester
backbone on the polyanions like pDNA or siRNA. These complexes provide protection
of nucleic acids from nuclease degradation thereby resulting in high transfection
efficiency. Therefore, they are among the most suitable candidates for effective delivery

systems for nucleic acids.

In this study, siRNA-chitosan complexes have been found to be relatively larger
in particle size than pDNA-chitosan complexes in which their particle size is highly
dependent on the molecular weight as well as concentration of chitosan used. However,
none of the different molecular mass or concentrations of chitosan tested here has
shown the capability to completely complex with siRNA although pDNA has found to
be completely bound to the chitosan as low as 25 pg/ml (equivalent to 2.5:1 chitosan to
pDNA weight ratio). In contrast to chitosan, no significant difference in particle size in
the range of studied N/P ratios (except for N/P ratio of 2:1 as aggregation was observed
for the siRNA-PEI complexes) has been observed for both siRNA- and pDNA-PEI
complexes. Nevertheless, a higher N/P ratio is needed for PEI to completely complex
with siRNA compared to pDNA. These findings therefore, illustrate that pDNA
apparently has a better interaction with the polycation polymers than siRNA and this is

thought to possibly arise from the differences in their physical properties.

Although pDNA and siRNA are both polyanions, they are different in certain
aspects including size and molecular structure. siRNA (21 bp) is a linear molecule that
is hundreds of times smaller than pPDNA (pDNA size varies from 1-250 kbp) whereby
its binding profile to polycations is thought to be different from pDNA. One reason for

this could be that the ability of pDNA to condense into small and condense complexes
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once 70-90% of its phosphate groups interact with amine groups of both PEI and
chitosan (Keller 2005). On the other hand, siRNA has no ability for such condensation
because the size of siRNA is thought to be maintained after its interaction with cationic
entities and this may also contribute to the difficulty of siRNA to attract with the long
and branched polycationic polymer chains. In addition, due to its much smaller size,
more than one siRNA molecule can probably interact with one entity of polycation

which results in a larger particle size than pDNA.

Experimental data has also shown that chitosan appears to be less efficient in
forming complexes with siRNA compared to PEI. This is thought to be due to a higher
ratio of amine groups to molecular mass with PEI than chitosan. This characteristic has
therefore probably attributed to the formation of stable siRNA-PEI complexes with a
small particle size. Besides this, steric hindrance induced by a relative stiffness of the
chitosan polymer chain might also contribute to the difficulty of siRNA to be attracted
to the chitosan (Munier ef al. 2005). Therefore, this has clearly suggested that different
condensing agents will in fact, produce different sizes of complexes and require
different concentrations to form a stable complex. As predicted, siRNA-PEI complexes
have been found to be more potent than siRNA-chitosan complexes in silencing
luciferase gene expression. Only 15% of luciferase gene expression has been knocked-
down by siRNA-chitosan complexes compared to 48% with siRNA-PEI complexes.
This may arise from suboptimal siRNA binding to the chitosan which leads to siRNA
being released before arriving in the targeted site and being more exposed to nuclease
degradation. A full or complete binding of siRNA is essential in maintaining its double
stranded form, which the principle role of the sense strand was to protect antisense
strand from the nuclease degradation after being release into cytoplasm (Hutvagner e?
al. 2001) and its identity was checked by the gateway kinase before allowing siRNA
incorporation into the RISC complex in RNAi pathway (Nykanen ef al. 2001). A higher
transfection efficiency of siRNA-PEI complexes compared to siRNA-chitosan
complexes is also thought to be due to a high charge density of PEI where its protonable
secondary and tertiary amines on the PEI’s chain consequently contribute to a high
buffering capacity. Chitosan on the other hand, has only one primary amine group and
less able to protonate in the acidic environment of endosomes (Li 2005, Illum 1998).
Therefore, enzymatic degradation of chitosan has also been reported to be a likely

mechanism of endosomal escape of chitosan-based nanoparticles where degradation
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products (e.g. oligo and monosaccharides) are thought to be responsible for inducing
water influx by increasing endosome osmolarity, subsequently lead to endosomal
swelling and eventually rupture to release its bioactive materials (Li 2005, Kopping-
Hoggard 2003, Erbacher et al. 1998).

To improve chitosan as a carrier for siRNA, another method known as ionic
gelation has also been studied because chitosan has been known to have the ability to
gel with multivalent polyanions such as TPP ions. TPP ions are derived from ionization
of penta sodium tripolyphosphate which has the ability to condense as well as solidify
chitosan-polyanion complexes. In addition, this method has been shown to be a more
practical technique than simple mixing in controlling particle size and even surface
charge of the yielded chitosan nanoparticles. Controlling several preparation parameters
such as stirring rate, chitosan to TPP weight ratio and pH of the interaction medium, a

smaller particle size of chitosan nanoparticles could be obtained using this technique.

Similar to siRNA-chitosan complexes, particle size and surface charge of the
chitosan-TPP nanoparticles are a function of the molecular weight, concentration as
well as type of chitosan salt (glutamate or hydrochloride). Chitosan glutamate has also
been shown to produce smaller particles than chitosan hydrochloride using both
methods (simple mixing and ionic gelation). A lower molecular weight of chitosan
glutamate produces a smaller particle than a higher molecular weight. Although in
simple mixing techniques, pH apparently has no effect either on particle size or siRNA
binding efficiency, but pH has been shown to play an important factor in influencing
particle size of chitosan-TPP nanoparticles prepared by ionic gelation since a smaller

particle size is observed when lowering the pH of the chitosan solution from pH 6 to 4.

This is thought to be due to the increased density of protonated amine groups of
chitosan which could efficiently interact with TPP ions together with siRNA to form
nanoparticles. In addition, the pH of the chitosan solution has a significant effect in this
method because the TPP ion has been reported to have a higher charge/ mass ratio than
pDNA or even siRNA (Li 2005). The charge/ mass ratios are 1/44 and 1/326 for TPP
ion and siRNA, respectively and therefore the addition of TPP ions is thought to be

beneficial in entrapping siRNA in the chitosan nanoparticles.

Ionic gelation is not only beneficial in controlling particle size or surface charge

of the chitosan nanoparticles but also in providing more options in the techniques of
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siRNA association to the particles. siRNA could be either entrapped inside the chitosan-
TPP nanoparticles (by adding siRNA during preparation process) or adsorbed onto the
surface of preformed nanoparticles. It has been found that these systems show different
profiles in siRNA binding efficiency whereby entrapping siRNA inside the chitosan-
TPP nanoparticles has a higher capacity or efficiency to bind siRNA compared to the
other systems (adsorbing or complexing siRNA). The presence of TPP ions is believed
to facilitate the entrapment of siRNA to the chitosan nanoparticles and therefore, to
form stable chitosan-TPP-siRNA nanoparticles. By entrapping siRNA to the chitosan-
TPP nanoparticles, a higher knockdown of the targeted gene could also be achieved in-
vitro. A higher gene knockdown of the targeted gene has been detected for chitosan-
TTP nanoparticles made from G213 and Cl113 but no obvious correlation has been
observed between transfection efficiency with the type or molecular weight of chitosan
employed although based on experimental data, molecular weight of chitosan has been
shown to significantly affect the size of chitosan-siRNA nanoparticles. It has been
reported that particle size could influence cellular uptake or entry of particulate systems
and subsequently cellular transfection in which a smaller particle size (less than 500
nm) is favourable as it could overcome the extracellular barrier of cellular entry.
However, the mechanism of cellular transfection by this nanoparticulate system is
apparently more complicated than that because based on this work, no clear correlation
between particle size and transfection efficiency was observed. Therefore, it could be
concluded that cellular transfection of this nanoparticulate system is affected by
multiple factors which include cell type, cell viability, particle size as well as surface

charge.

Since cationic polymers can be incorporated into the polymers that have
negatively charge, they have been widely used to prepare positively charged
nanoparticles of biodegradable polymers like PLGA and PLA. In this study, an
emulsification diffusion method has been utilised to prepare these nanoparticles due to

its advantages over the solvent evaporation method.

In the case of PLGA-PEI nanoparticles, a spontaneous emulsification diffusion
method has been used. The mixture of acetone and dichloromethane has been utilised as
an organic phase. In this preparation, the amount of PEI that has been added to the
PLGA is a crucial factor in determining particle formation as a lower mass ratio than

29:1 of PLGA to PEI could lead to aggregated particles. Besides this, other factors such
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as type and concentrations of stabiliser have been observed to highly influence the size
of PLGA-PEI nanoparticles. A higher concentration of stabiliser has been shown to
produce a smaller particle size as more stable particles are formed due to the increased
amount of stabiliser adsorbed onto the particles that could prevent the particles from

coalescence or aggregation during solvent diffusion to the aqueous phase.

Although these particles are stable, they have been discovered to be less
protected against the harsh environment during freeze-drying. Therefore, glycerol has
been added to the particle suspensions before freeze-drying to prevent aggregate
formation. However, the effectiveness of glycerol to prevent aggregation was also
dependent on the stability of particles which may directly correlate to the type and
concentration of stabiliser used during particle preparation. On the other hand, between
poloxamer and PVA, only PVA (either a higher or lower molecular weight) with a
higher concentration (5% m/v) has been found to produce a smaller particle size of

around 100 nm which therefore has been used for these experiments.

Besides PEI, chitosan has also been incorporated into PLGA particles by an
emulsification diffusion method. This preparation however utilises a different solvent
from a spontaneous emulsification diffusion method, and ethyl acetate and PVA have
been used as a solvent and surfactant, respectively. Experimental data has revealed that
physical properties of PLGA-chitosan nanoparticles particularly particle size and
surface charge are also affected by certain preparation parameters. Particle size of these
nanoparticles for example is dependent on the PVA concentration as well as
homogeniser speed during emulsification because a reduction in particle size has been
observed with the increase of both parameters. Different types and molecular weights of
chitosan have also been observed to affect particle size of the yielded nanoparticles in
which a lower molecular weight or chitosan glutamate produces a smaller particle than a
higher molecular weight or chitosan hydrochloride. An increase in particle size with a
higher molecular weight of chitosan could be explained by the increased viscosity of the
organic phase that would be expected to be more resistant to shear forces during
emulsification, which in turmn produces a larger emulsion droplet and subsequently a

larger particle.

Unlike PLGA-PEI nanoparticles, centrifugation has been observed to cause a
drop in particle size as well as particle size distribution. This drop has been

hypothesized to be due to the loss of some of the chitosan molecules which partially
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interacted with the PLGA and they could easily wash away during centrifugation. This
hypothesis has also been supported by a lower particle surface charge of these
nanoparticles after centrifugation compared to those particles washed by filtration.
These nanoparticles have also been shown to suffer from a poor siRNA loading capacity
or binding efficiency due to the chitosan loss during washing and harvesting steps using
centrifugation. Further study therefore, has been performed to improve chitosan loading
to the PLGA particles by using a higher degree of “uncapped’ end groups of PLGA
polymers due to the fact that this could provide a stronger interaction between chitosan
and PLGA as more carboxylate groups of PLGA could interact with amino groups of
the chitosan. By increasing the degree of ‘uncapped’ end groups of PLGA polymers,
centrifugation has shown to have no effect on particle size but could improve particle
surface charge as well as siRNA loading capacity which means that an increased
amount of chitosan can be incorporated onto the PLGA particles. This has also been

confirmed by chitosan loading analysis using Orange III dye and spectrophotometry.

For these cationic PLGA nanoparticles, siRNA has been adsorbed onto their
surface in order to protect siRNA from the harsh environment of particle preparation
and it has been thought that siRNA is prone to undergo degradation due to its smaller
size in comparison to pDNA. Since adsorption of siRNA onto the cationic particles of
PLGA-PEI and PLGA-chitosan nanoparticles is largely via electrostatic interaction
between amino groups of PEI or chitosan and phosphate groups of siRNA, nitrogen to
phosphate ratio (N/P ratio) plays an important factor in determining complete
adsorption of siRNA. Both delivery systems required a higher N/P ratio to completely
adsorbed siRNA onto their surface compared to their parent compound, siRNA-PEI or
siRNA-chitosan complexes. The need of a higher N/P ratio is thought to be due to parts
of amino groups of these cationic polymers interacting with carboxylates of PLGA or
even being buried inside the particles which therefore require more cationic entities to
interact with siRNA. A lower amount of free amine groups of chitosan may also
explained why PLGA-chitosan nanoparticles were not as efficient as chitosan-TPP
nanoparticles in delivering siRNA into cells where most of its amine groups were
interacted with siRNA and PLGA or buried inside the particles. In gene delivery, an
efficient delivery system should facilitate cellular and uptake of nucleic acid into the
target cells by providing excess positive surface charge, so that the system can be taken

up by the cells via endocytosis, after initial interaction with negatively charged of cell
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membrane components (glycoprotein, glycolipids and proteoglycans). In addition,
protonated amine groups of chitosan-based nanoparticles was also an important factor to
induce endosomal escape for siRNA to exert its effects by triggering endosomal

swelling and eventually endosomal rupture.

As shown in this study, PEI has been observed to have a better binding profile
with siRNA and transfection efficiency than chitosan. Similar findings have also been
obtained when incorporating PEI or chitosan to PLGA nanoparticles. PLGA-chitosan
nanoparticles have been shown to be unable to completely adsorb siRNA even at a very
high N/P ratio as determined by gel retardation assay. This is thought to be due to the
partial interaction between cationic entities and siRNA induced by the stiffness of the
chitosan chain which leads to difficulty of siRNA to attract to the amino groups on the
chitosan polymer chains. This characteristic therefore, results in a lower gene silencing
of the targeted gene compared to PLGA-PEI nanoparticles as siRNA is being exposed
to nuclease degradation. In all cases, a higher transfection efficiency has been observed
for siRNA compared to pDNA in in-vitro cultured cells. It has been predicted that
pDNA delivery into the cultured cells is more difficult than siRNA because pDNA
needs to cross nuclear membrane in order to exert its effect. Meanwhile, siRNA does
not require cross through nuclear membrane, because siRNA exerts its effect directly in

the cytoplasm.

As mentioned in the earlier section, TAT-peptide has also been reported to have
the ability to deliver siRNA in a wide range of cell lines due to its ability to translocate
genetic materials across the plasma membrane into the cytoplasm (Frezts et al. 2004,
Lindgren et al. 2000, Prochiantz 2000). Most of these studies have utilised a covalent or
chemical conjugation to attach siRNA to the TAT-peptide which needs more
complicated methods to get rid of unwanted chemical reactants or even to asses the final
products. Therefore in this study, siRNA has been complexed with TAT-peptide to
address the lack of information regarding the suitability of TAT-peptide to complex

with siRNA by a simpler method, simple mixing or complexation.

In this study, a small particle size of siRNA-TAT-peptide complexes have been
obtained in which TAT-peptide concentrations or TAT-peptide to siRNA weight ratios
have been observed to influence particle size and surface charge of the complexes. The
increment of particle surface charge by increasing the ratio of TAT-peptide to siRNA is

thought to arise from the increased amount of cationic entities in TAT-peptide
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structures, such as arginine and lysine residues. Analysis of siRNA binding to the TAT-
peptide has also revealed that TAT-peptide has the ability to bind siRNA by simple
complexation/ mixing and this could be achieved effectively at certain TAT-peptide to
siRNA ratios (7.5: 1 and above). A series of in-vitro studies in cultured cells has further
suggested that siRNA-TAT-peptide complexes have the ability to deliver siRNA into
cells but the degree of transfection efficiency is dependent on the TAT-peptide to
siRNA weight ratios and types of cell line. In the case of TAT-peptide to siRNA weight
ratio, a higher ratio (20:1) is needed because a number of cationic groups of TAT-
peptide have been used to bind siRNA and since a guanidium group of the arginine side
chain has been shown to be more potent in mediating cellular uptake, it is logical that a
higher amount of TAT-peptide is required to efficiently deliver siRNA into cells.
Recent studies have also reported that TAT-peptide internalisation is predominantly
through endocytosis following the interaction of TAT-peptide with the negatively
charged cell surface components. On the other hand, due to the difference in
characteristics and cell surface components of different cell types, variability in gene
silencing of siRNA by TAT-peptide is expected and this therefore, could explain a
higher gene silencing effect of siRNA-TAT-peptide complexes in CHO K1 cells
compared to in HEK 293 cells. Furthermore, calcium has been found to enhance the
delivery of siRNA-TAT-peptide complexes presumably by facilitating endosomal

release of these complexes without affecting the viability of the transfected cells.

Finally, siRNA inhibition experiments with an endogenous target, MAPK p38a
have been performed in J774A.1 cells. Further in-vitro investigations with one of the
formulations developed in this study (chitosan-TPP nanoparticles with entrapped
siRNA) has demonstrated that the system had a high stability and can protect the
entrapped siRNA from nuclease degradation even after 48 h incubation in 50% v/v
mouse serum. This system also has been found to allow very high transfection
efficiency (90% gene knockdown) in the tested cells. In addititon, the system has been
shown to have a relatively low cytotoxicity (~80% cell viability) which means that this
system has a great potential to be used as a vector for siRNA. This data therefore,
suggested that chitosan-TPP nanoparticles could efficiently deliver siRNA into cells and
have a great potential to be used therapeutically. For example, this system is suitable to
be delivered as an aerosol into the lung, due to muco/ bioadhesive properties of

chitosan.
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7.1 Future works

The in-vitro studies that have been performed in this project have clearly
revealed that chitosan-TPP nanoparticles entrapping siRNA has a great potential to be
used as a vector for siRNA. However, it is currently unclear to what extent it can be
used in-vivo. Therefore, further in-vivo studies in a suitable animal model (e.g. rat) need
to be persued using this formulation to investigate its potential therapeutically. These
studies may not only evaluate the effectiveness of the formulation to deliver siRNA into
cells, but it would also be of interest to examine its distribution in the body as well as to

thoroughly investigate any unwanted side effects related to the system.

The data obtained from the project have also showed that some other
formulations investigated have a potential to be used as a delivery system for siRNA in-
vitro such as PLGA-PEI nanoparticles with adsorbed siRNA and TAT-peptide-siRNA
complexes which could not be further investigated in this study due to time constraints.
Therefore, it would be of interest to examine their effects in further in-vitro studies
using RT-real time PCR either targeting MAPK p38a genes and later proceed with in-
vivo animal studies if successful. Other technology used to induce siRNA such as
pDNA encoded siRNA/ shRNA or PCR cassette could also be investigated and
optimised using above vectors to offer versatility in their pharmaceutical usage as a
delivery system. Nevertheless, the complexicity of the process by which siRNA is
delivered and RNAI is induced offers a wide opportunity for the improvement of

existing carrier systems and further development of a new one.
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Appendix 1: Abbreviations

Appendix 1: Abbreviations

A represents a number of uncapped end groups or free carboxylates of PLGA polymer
AIDS Acquired Immune Deficiency Syndrome

APC Antigen Presenting Cell

Arg Arginine

ATF Activated transcription factor

ATP Adenosine 5'-triphosphate, a nucleotide that performs many essential roles in the
cells

Bar unit of pressure

1 bar = 100 000 pascals (Pa)

1 mbar = 0.001 bar = 100 Pa

(A pascal is one newton per square meter)

bp base pair

kbp kilo base pair, 10’

BCA Bicinchoninic acid

BSA Bovine serum albumin

BZA Benzyl alcohol

C Carbon

CCRS5 a chemokine receptor that predominantly expressed on T cells, macrophages,
dendritic cells and microglia it is likely plays a role in inflammatory responses to
infection

CD4 surface protein CD4

C elegans Caenorhabditis elegans

CF Cystic fibrosis

CHO K1 cells epithelial cell from Chinese hamster ovary

Cl1113 Chitosan hydrochloride with molecular weight of 110 kDa

CI1213 Chitosan hydrochloride with molecular weight of 270 kDa

COPD chronic obstructive pulmonary disease

CPPs Cell penetrating peptides

CXCR4 an alpha-chemokine receptor and also called fusin that specific for stromal-
derived-factor-1 (SDF-1 also called CXCL12), a molecule endowed with potent
chemotactic activity for lymphocytes.

DCM Dichloromethane
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DDA Degree of deacethylation of chitosan

DEPC Diethylpyrocarbonate

DMEM Dulbecco’s modified Eagle’s Medium, a cell culture medium
DNA Deoxyribonucleic acid

DNAzymes DNA enzymes

DOPE Dioleoyl phosphatidylethanolamine

DOTAP 1,2-dioleoyl-3-trimethylammonium propane
dsRNA Double stranded Ribonucleic acid

EC Ethyl acetate

EDTA Ethylenediamenetetraacetic acid

EIk eukaryotic initiation factor

EO Ethylene oxide

ER Endoplasmic recticulum

ERK extracellular signal-regulated kinases

ERK % extracellular signal-regulated kinases 1 and 2

Ets-1 E twenty-six-1

FBS Foetal Bovine Serum

g gram, unit of mass

mg mili gram, 107

ug micro gram, 107

ng nano gram, 10”

GALT Gut associated lymphoid tissue

G113, Chitosan glutamate with molecular weight of 470 kDa
G213 Chitosan glutamate with molecular weight of 160 kDa
g/ml gram per ml, unit of concentration

mg/ml mili gram per mili litre, 10’

pg/ml micro gram per mili litre, 107

ng/ml nano gram per milli litre, 107

G3PDH Glyceraldehyde-3-phosphate dehydrogenase

h hour, unit of time

HBY Hepatitis B virus

HEK 293 cells a epithelial cell line from human embryo kidney transformed with
adenovirus 5 DNA

HIV Human immunodeficiency virus
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HK polymer Histidine —lysine polymers
HPMA N-(2-hyroxypropyl)methacrylamide
HSPGs Heparan sulphate proteoglycans

IL Interleukin

In-vitro outside of living body and artificial environment

In-vivo in the living body of animal or plant
IU International unit

Ly Intravenous injection

JNK c-Jun amino-terminal kinases

KCops intensity of light

kDa kilo dalton, unit of molecular weight
L Litre, unit of volume

ml mili litre, 10

ul micro litre, 10

LMP Low melting point

LNA Locked Nucleic Acids

LPA Lyoprotectant agent

LPAs Lyoprotectant agents

M Molar, unit of concentration

mM mili molar, 10”

m meter, unit of length

um micro meter, 10

nm nano meter, 10?

mA mili ampere, unit of electric

MAPK mitogenic activated protein kinase
MAP3K MAPK kinase kinases MAP3K
MEF Myocyte-specific enhancer binding factor
MEK Methyl ethyl ketone

MgCl, Magnesium chloride

min minute, unit of time

miRNA MicroRNA

MKKs MAPK kinases

mRNA messenger RNA
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mPa.s mili pascal second, unit of dynamic viscosity. If a fluid with a viscosity of one
Pa-s is placed between two plates, and one plate is pushed sideways with a shear stress
of one pascal, it moves a distance equal to the thickness of the layer between the plates
in one second.

MTT 3-(4, S-dimethyl-thiazol-2-yl)-2, S-diphenyl-tetrazolium bromide

m/v mass per volume

MW molecular weight

n number of sample

Na Sodium

NaCl Sodium chloride

NF-kB Nuclear Factor kappa B

N/P ratio Nitrogen to phosphate ratio

O Oxigen

ODN oligonucleotide

ODNs s Oligonucleotides

OVCAR-3 cells Human ovarian carcinoma cells

o/w Oil in water composite emulsion

PBS Phosphate buffered saline

PC Propylene carbonate

PCR Polymerase chain reaction

PCS Photon correlation spectroscopy

pDNA plasmid DNA

PEG Polyethylene glycol

PEGIytion chemical process by which chemical materials are coupled with PEG to
improve the hydrophilicity and stability

PEI Polyetylenimine

PGs proteoglycans

pGL3-control a pDNA vector coding luciferase with control of simian virus 40
promoter and enhancer for monitoring and normalising expression in eukaryotic cells.
The family has been redesign from the backbone of the pGL2 Luciferase Reporter
Vectors and contains a modified coding region for firefly (Photinus pyralis) luciferase.
The modified reporter vector has resulted in higher level of luciferase expression than
pGL2 luciferase reporter while maintaining relatively low background luciferase

expression.
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pGWIZ a pDNA vector contains a proprietarily modified promoter followed by intron
A from the human cytomegalovirus (CMV) immediate early gene and a high-efficiency
artificial transcription terminator. This plasmid is suitable for in-vitro and in-vivo gene
expression studies and applications.

pH a measurement of the acidity of a solution, in terms of activity of hydrogen ions
HH.

PI Polydispersity index, size distribution of particles

PKR Protein kinase response

PLA Poly(lactic acid)

PLGA Poly (lactic-co-glycolic) acid

PO Propylene oxide

Pol II Polymerase II

Pol I1I Polymerase III

PRL-TK a pDNA vector contains the herpes simplex virus thymidine kinase (HSV-TK)
promoter to provide low to moderate levels of Renilla luciferase expression in co-
transfected mammalian cells. The pRL-TK Vector is intended for use as an internal
control reporter and may be used in combination with any experimental reporter vector
to cotransfect mammalian cells. All of the pRL Reporter Vectors contain a cDNA
(Rluc) encoding Renilla luciferase, which was originally cloned from the marine
organism Renilla reniformis

PVA polyvinyl alcohol

p53 tumour protein 53

R Exchange ratio [R=Ds,/Dys; diffusion coefficients= Dsolvent water, Dwater solvent]

RES Reticulaoendothelial system

RGD Arginine-glycine-aspartic acid

RISC RNA-induced silencing complex

RLU Relative light unit

RNA Ribonucleic acid

RNAIi RNA interfering

rpm Rovolution per minute

rcf Relative centrifugal force, a measurement unit of the force applied to a sample
within a centrifuge. This can be calculated from the speed and rotational radius using

following formulation:
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RCF=0.000011118 X r X N?

R=rotational radius (cm)

N= rotaring speed (rpm)

RRR Relative response ratio

Rt-PCR Reverse transcriptase polymerase chain reaction
s second, unit of time

Sap Stomach cancer-associated protein tyrosine phosphatase
SD Standard deviation

SEM Scanning electron microscope

shRNA short hairpin RNA

siRNA Small interfering RNA

TAE Tris-acetate-EDTA

TBE Tris-borate-EDTA

TE Tris(Tris(hydroxymethyl)-aminomethane)-EDTA
TEM Transmission electron microscope

TPP Tripolyphosphate

UV Ultra violet

V Volt, unit of voltage

mV milli Volt, unit of electric

w/o/w Water in oil in water composite emulsion

X Interaction parameter

Z-ave Mean of particle size diameter measured by photon correlation spectroscopy
°C Celcius, unit of temperature

Conversion formula:

Celsius to Fahrenheit: °F = °C x 1.8 + 32

Fahrenheit to Celsius: °C = (°F — 32)/ 1.8

Celsius to Kelvin: K =°C + 273.15

Kelvin to Celsius: °C =K —273.15
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Appendix 2; Maps of pDNA

Appendix 2: Maps of pDNA used in this work
Artificially constructed pDNA contains (Gurunathan et al. 2000):
A eukaryotic promoter to allow protein expression in mammalian cells (e.g.
promoters derived from viruse such as cytomegalovirus (CMV) or simian virus
40 (SV40)
- acloning site for insertion of heterologous genes
inclusion of polyadenylation A (polyA) to provide stabilisation of mRNA

transcripts (e.g. bovine growth hormone (BOH) or SV40 polyadenylation

sequence
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Appendix 3: The compositions of the basic classic solutions used in the work

(a) 1 M Tris (tris(hydroxymethyl)aminomethane)
Tris base; FW=121.14
Dissolve 121.1 g Tris Base (TRIZMA) in 700 ml dH20
Add concentrated HCI to desired pH:
-pH 7.4: 70 ml
- pH 8.0: 42 ml
-pH 9.0: ~8 ml
Bring volume to 1 L with dH20.
Filter and autoclave.
Store at room temperature.

(b) 0.5 M EDTA, pH 8.0

Ethylenediaminetetraacetic acid disodium salt or disodium ethylenediaminetetraacetic

acid; FW=372.24

- 186.1 g Na,EDTA-2H;0)

- 700 ml dH,O

- ~50 ml 10N NaOH to pH 8.0

Stir until dissolved; bring volume to 1 L with dH,O.
Filter and autoclave.

Store at room temperature.
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(c) Tris-EDTA (TE, 10 mM Tris, 1 mM EDTA) buffer

- 0.5 ml 1 M Tris-Cl, pH 7.4 (sterile)
- 0.1 ml 0.5 M EDTA, pH 8.0 (sterile)
- 49.4 ml ddH2O (sterile) to SO mL.
Store at room temperature.

(d) Tris-Borate-EDTA (TBE) buffer

For 1 liter of 10x stock :
Add:

- 108 g Tris base (890 mM)

- 55 g boric acid (890 mM)
-40 mL 0.5 M EDTA, pH 8.0

Adjust pH to 8.3 with boric acid. Adjust volume to 1L with H,O.

(e) Tris-acetate-EDTA (TAE) buffer
For 50 X Stock Add:

- 242 g Tris base

- 57.1 ml glacial acetic acid

-37.2 g Na2EDTA-2H20

Adjust volume with H,O to 1 liter

(f) Phosphate buffered saline (PBS)
To 800 ml distilled water adds:

- 8 g NaCl
-0.2gKCl

- 1.44 g Na,HPO,
- 0.24 g KH,PO4
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(g) Phosphate buffer

Prepare a 0.2 M monobasic stock by disolving 27.6 g of monobasic sodium phophate,

monohydrate, in water and q.s to 1 liter.

Prepare a dibasic 0.2 M stock solution by dissolving 28.4 g dibasic sodium phosphate in

water and g.s. to 1 liter.

Mix appropriate volumes of monobasic and dibasic sodium phophate stocks and add up

to 200 ml to obtain a 0.1 M phophate buffer with the desired pH.
(h) Acetate buffer (3 M)

Combine

- 123 g sodium acetate
Adjust pH with glacial acetic acid.
Adjust volume with H,O to 500 ml.

Sterilize by autoclaving.
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Apendix 4: The calculation of molecular weight of a unit with primary amine of

chitosan

Chitosan consists of acetyl glucosamine (X) and deacetyl glucosamine (Y). The
components of part X are CgH;30sN. The MW of a unit of part X is 8x 12+ 13 x 1 +5
x 16 + 14 =203.

The components of a unit of part Y are C¢H;004N. The MW of a unit of part Y is 6 x 12
+10x1+4x16+ 14 =160.

If glucosamine units are glutamated, the MW of glutamated Y part is 160 + 128 = 288
(MW of glutamate acid is 128).

If glucosamine units are hydrpchloride, the MW of hydrochloride Y part is 160 + 36 =
196.

In a chitosan molecule, if the deacetylation is 86%, therefore, X/Y= 0.14/0.86 = 0.16.
The average MW of a unit is 203 x 0.14 + 160 x 0.86 = 166.

1. in the case of chitosan glutamate

If the MW of chiotsan is 470 000 Da, the average MW of a unit containing a primary

amine is calculated as the following:

203 x X +288 x Y =470 000

X=0.16 Y, therefore 203 x 0.16Y + 288Y=470 000

Here, Y is the amount of deacetylated glucosamine unit, Y=470 000/320 = 1469.
Therefore, the average MW of a unit containing a primary amine is

470 000/1469 = 320.

2. In the case of chitosan hydrochloride

If the MW is 270 000 Da, the average MW of a unit containing a primary amine is

calculated as the following:
203x X+ 196 xY =270 000
X=0.16 Y, therefore 203 x 0.16Y + 196Y=270 000

Here, Y is the amount of deacetylated glucosamine unit, Y=270 000/228 = 1184.
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Therefore, the average MW of a unit containing a primary amine is

470 000/ 1184 = 400.

232



Appendix 5: Conversion of weight ratio to N/P ratio of chitosan to siRNA

Appendix 5: Conversion of weight ratio to N/P ratio of chitosan to siRNA
Mol = mass/ MW

The average MW of a unit siRNA containing a primary amine is 326.
Therefore, the average mol of a unit siRNA containing primary amine is

Mol sirna = 10 pg/326= 0.03 pmol

If the weight of chitosan glutamate is 1000 pg, the average mol of a unit siRNA

containing primary amine is:
MOl chitosan = 1000 l.lg/ 320 = 3

Therefore, N/P ratio for chitosan to siRNA weight ratio of 100:1 is calculated as the

following:
N/P ratio=3/0.03 = 100:1

If the weight of chitosan hydrochloride is 1000 pg, the average mol of a unit siRNA

containing primary amine is:
MOI chitosan = 1000 ]»lg/ 400 = 2.5

Therefore, N/P ratio for chitosan to siRNA weight ratio of 100:1 is calculated as the

following:

N/P ratio = 2.5/ 0.03 = 83:1
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