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Abstract
In this thesis, novel biodegradable charged polyester-based vectors (BCPVs) were
designed and synthesized as siRNA carrier for cancer treatment. Under optimized conditions, the
BCPV can effectively protect siRNA from degradation by RNase in the serum, and would
subsequently promote intracellular siRNA uptake via endocytosis. The formulation and usage of
BCPV-based siRNA carriers cause significant inhibition of targeted abnormal proto‐oncogenes
expression in adherent growth cells (pancreatic cancer cell line) and non-adherent growth cells
(leukemia cell line), resulting in obvious inhibition of cancer cell bioactivity. In addition, BCPV
was able to simultaneously co-deliver K-ras and Notch1 siRNA into pancreatic cancer cells to
overcome chemotherapeutic drug resistance (Gemcitabine) by reversing the epithelialmesenchymal transition (EMT). Lastly, BCPV, as modifying polymer, was used to coat the
surface of graphene quantum dots (GQDs) for fabrication of multifunctional siRNA and drug codelivery systems, which realized real-time monitoring of the delivery efficacy and distribution of
the drugs and siRNA.
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Chapter 1 Introduction
Cancer is one of the leading causes of death in the world [1]. According to the World
Health Organization report, it is estimated that tens of millions of people are diagnosed with
malignant tumors globally each year, and more than half of the diagnosed patients eventually die
[2]. Despite the continuous efforts devoted to identify efficient approaches and outstanding
advances in cancer therapy, it still remains a challenge to fully remove the tumors from cancer
patients especially after the onset of metastasis. Among the various cancer therapeutic approaches,
chemotherapy is the main method which provided improved survival rates in the last decades.
Nevertheless, significant side effects and systemic toxicity of anticancer drugs often cause failure
of chemotherapy as a result of lack of specificity against cancer cells. The chemotherapy treatment
usually induces the development of drug resistance which can occur against individual cytotoxic
drugs or many different drugs, with various mechanisms of action and chemical structures, usually
caused by increased rates of drug efflux and mutation of targets of these drugs [3]. The improved
delivery of conventional chemotherapy drugs and development of novel anti-cancer agents are the
main approaches presently used to overcome cancer drug resistance. The recent advances in
nanomaterial technology have great promise for improving cancer treatment by generating new
therapeutic strategies which may allow a more efficient passive or active targeted delivery of
anticancer agents while minimizing non-specific distribution in healthy tissues [4].
Nanotechnology also developed both new imaging agents for diagnosis of various cancers and
therapeutic agents. Novel nanotechnology platforms, such as synthetic biodegradable polymers,
liposome, micelles, dendrimers, MSNs, magnetic nanoparticles, carbon nanotubes, quantum dots,
and biodegradable polymers, have been applied to the delivery of anticancer agents, including
small molecular weight drugs and macromolecules such as proteins, peptides or genes [5, 6].
In the last decades, the RNAi (RNA interference) technology targeting oncogene mutation
appeared and proved to be a powerful and attractive tool for cancer treatment [7]. Its greatest
challenge is that the naked siRNA is unable to cross the cell membrane phospholipid bilayer due
10

to its hydrophilic properties, large molecular weight and negative charges [8]. For these reasons,
viral vectors have been developed for siRNA delivery and have been considered as a promising
candidate because of their high gene transfection efficiency. However, due to the size limitation
of the inserted genetic materials, the possible immune response and the biosafety risk, the
application of viral vectors has been limited [9]. Non-viral vectors, such as lipids, peptides,
aptamers, and various nanoparticles have thus been intensely investigated. Although some show
promising results, their applications are often limited by low transfection efficiency, high
cytotoxicity and metabolic toxicity. In order to overcome these challenges, we developed a novel
transmembrane transport nanomaterial formulation, namely a biodegradable charged polyesterbased vector (BCPV), as siRNA delivery carrier for cancer treatment.
In chapter 2, the mechanism and challenges of siRNA based RNAi technology on cancer
treatment are briefly introduced. The recent advances of siRNA vectors including traditional lipid
delivery systems, non-biodegradable polymers, biodegradable polymers and polymer hybrid
nanoparticles were elaborately reviewed.
Chapter 3 presents how the BCPV with amino groups was synthesized through living ringopening polymerization and thiol−ene click functionalization. The BCPV was investigated as
siRNA carrier for pancreatic cancer treatment, which is one of the human malignancies with the
highest mortality rates. Our results have shown that BCPVs can effectively absorb negative siRNA
to form a capsular-like structure under optimized conditions, preventing siRNA from nuclease
digestion in the serum. Moreover, these vectors are able to transfect siRNAs targeting mutant Kras into MiaPaCa-2 cells (a pancreatic cancer cell line with K-ras gene mutation) with high
transfection and inhibition efficiency of K-ras gene expression. More importantly, after treatment
with the BCPV-siRNAK-ras nanoplexes, the cell growth, migration and invasion of the MiaPaCa2 cells were significantly reduced and the cell apoptosis was also promoted.
In chapter 4, the BCPV was employed to treat chronic myelogenous leukemia (CML) cells,
which are well-known as hard-to-transfect cells due to the lower probability of contact between
polyplexes and the non-adherent leukemic cells. CMLs are associated with an abnormal
11

chromosome BCR-ABL gene mutation. The results demonstrated that BCPV was able to form
stable nanoplexes with siRNA molecules, and successfully assisted in vitro siRNA transfection in
non-adherent K562 cells (a leukemic cell line), even in the presence of fetal bovine serum (FBS).
As a consequence of downregulation of BCR–ABL, BCPV-siRNA nanoplexes successfully
inhibited cell proliferation and promoted cell apoptosis.
Chapter 5 details how we further detected and used the potential of BCPV as siRNA carrier
to reverse the drug resistance of pancreatic cancer cells by specifically targeting abnormal proto‐
oncogenes. BCPVs were used to co‐deliver K‐ras and Notch1 siRNA into MiaPaCa‐2 cells to
overcome drug resistance to gemcitabine (GEM), a first‐line chemotherapeutic drug used in the
clinic. Through K‐ras and Notch1 gene silencing in MiaPaCa‐2 cells, BCPV‐siRNAK‐rassiRNANotch1 nanocomplexes effectively reversed the epithelial‐mesenchymal transition (EMT) in
MiaPaCa‐2 cells, thereby greatly enhancing their sensitivity to GEM. MiaPaCa‐2 cell proliferation,
migration, and invasion were effectively inhibited, and cell apoptosis was also significantly
enhanced by the synergistic antitumor effect of BCPV‐siRNAK‐ras‐siRNANotch1 nanocomplexes
and GEM. These results suggest that this combinatorial RNAi therapy can be used to enhance
cancer cell sensitivity to chemotherapeutic drugs and improve the therapy effect.
In chapter 6, the BCPV was used to modify graphene quantum dots (GQDs) into
multifunctional nanocomposites as a siRNA and drug co-loading platform. BCPV functionalizedGQDs nanocomplexes were able to simultaneously co-deliver siRNAK-ras and doxorubicin (DOX)
combined with NIR light-mediated biomolecules release for pancreatic cancer treatment. After
treatment with GQD/DOX/BCPV/siRNA nanocomplexes, the proliferation, migration and
invasion of pancreatic cancer cells were significantly suppressed and cell apoptosis was also
promoted. Additionally, the photothermal properties of the GQDs exhibited enhanced intracellular
release of DOX and siRNA from the nanocomplexes under irradiation with near-infrared (NIR)
laser light, thus augmenting their therapeutic effect. These results indicate that nitrogen-doped
GQDs can be considered as a novel PTT agent, simultaneously allowing imaging and remotely
controlled drug release by NIR, and providing an efficient cancer therapeutic strategy.
12

Finally, the results of this Thesis are summarized in chapter 7. In brief, this Thesis covers
the synthesis, characterization, cytotoxicity assessment of BCPV, demonstrates the potential of
using BCPV as siRNA carrier for cancer treatment, and also indicates the potential of BCPV as
coating polymer to modify nanoparticles for construction of multifunctional siRNA delivery
system.
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Chapter 2 Literature Review
RNA interference (RNAi) technology can inhibit specific gene expression induced by
short interference RNA (siRNA) in mammalian cells, and has wide potential for disease treatment.
However, the properties of siRNA, such as its negative charge, macromolecular structure and
easily-degradable nature, block it to cross cell membrane in order to exert its function inside cells.
To achieve this desired functionality, different kinds of nanoparticle delivery systems have been
developed to overcome siRNA transport barriers. Non-viral carriers have been exploited
extensively because of some disadvantages of viral vectors. Liposomes, cationic polymer and
inorganic nanoparticles are designed to overcome siRNA transport challenges, and some of them
have shown promising results in many preclinical studies due to their stability, high efficiency,
and low cytotoxicity in vitro or in vivo. Even so, siRNA technology has not achieved the desired
objective in clinical applications. Here, we discuss the intracellular trafficking and release
mechanism of siRNA, and summarize the recent advances on siRNA delivery system.

2.1 RNAi technology and its challenges
Since RNA interference (RNAi) regulatory pathway was discovered in 1998, it has been
developed as a useful tool to silence or downregulate the post-transcriptional expression of various
specific genes [10, 11]. The promising silencing effect of RNAi to specific mutated genes makes
it a valuable treating strategy for a variety of diseases such as hereditary diseases, neural disorders,
viral infection and cancer [12-17]. The gene-specific therapeutics and target validation in RNAi
technology are achieved by nucleotide sequence-specific complementary pairing [7, 18].
Particularly, due to the recognition of mutated genes that promote oncogenesis, RNAi has been
applied as an effective treating modality for combating cancer-related diseases [19].
Mechanistically, cancer therapies based on the regulation of target genes exploit the process of
nucleotide sequence-specific complementary pairing [8]. In this process, exogenous doublestranded RNA molecules (dsRNA) resulting from the biological functions are recognized by Dicer
enzymes, a ribonuclease protein, followed by being cleaved into small double-stranded RNA
14

consisting of 21 to 23 nucleotides (nts) along with 2-nucleotide overhanging at the 3’ ends (Figure
2.1). The resulting Dicer products are referred to as small interfering RNAs (siRNAs). In addition

to the endogenous pathway, siRNAs can also be created via a synthetic approach. Such synthetic

Figure 2.1 The mechanism of RNA interference mediated gene silencing. In the cytoplasm, long
dsRNA precursors are processed and cleaved to 22 nucleotides (nt) short pieces dsRNA. The
synthetic siRNA can mimic the structure of a Dicer product. The siRNAs are loaded onto and
activated RNA-induced silencing complex (RISC), which contains Argonaute-2 (Ago-2). Then, the
Ago-2 cleaves the passenger strand, resulting in RISC and a single strand RNA, form the activated
RISC-guide-strand complex, which directs the specific recognition and cleavage of the target mRNA
that is perfect complementary to bases pairing to guide siRNA strand. The mRNA is cleaved
precisely at the site of 10 nts from the 5’-end of the guide strand. The cleavage of mRNA prevents
the translation of the gene, thereby inducing gene silencing.
15

siRNA exhibits a sequence structure mimicking that of the Dicer products, and thus has the same
downstream enzymatic machinery as that of the Dicer products. In the cytoplasm, siRNAs are
bound by the RNA-induced silencing complex (RISC). Due to the function of Argonaute 2 (Ago2) protein in RISC, the sense (or passenger) strand of siRNA is eliminated from RISC and
degraded [20, 21]. Meanwhile, the antisense (or guide) strand of siRNA is directed to its
complementary messenger RNA, resulting in the degradation of the targeted mRNA [22-25].
Based on the mentioned mechanism, siRNA therapy via RNAi therefore has been regarded as a
new hope for treating cancer.
To enhance the treating efficacy of siRNA therapy, siRNA molecules need to be delivered
into cytoplasm and activate the required RNAi machinery. However, there are still several hurdles
associated with siRNA delivery when combating cancer via siRNA therapy [9, 24]. Such hurdles
can be classified into extracellular barriers and cellular barriers. In the extracellular barriers,
siRNA molecules encounter problems regarding the attack of serum nucleases and the elimination
via renal and hepatic clearance. The naked siRNA is easily degraded by nucleases in plasma, and
has a half-life of less than an hour in the bloodstream [8, 26]. In vivo, naked siRNA can be rapidly
filtered from the glomerulus and easily excreted from the kidney [11]. In addition, siRNA delivery
is also challengeable when dealing with the issues about the off-target problems, the response of
immune systems, the penetration to tumor tissues and the cell uptake of cancer cells. In the cellular
barriers, hydrophilic siRNA molecules that are anionic in nature cannot be readily diffused across
cell membranes. After being taken up by tumor cells, siRNA molecules also have to solve the
endosomal escape problems. Following the escape from endosome compartments, siRNA
molecules are required to be incorporated into the relevant RNAi machinery for silencing the
aberrant genes relating to cancer diseases [9]. Hence, the development of biodegradable and
efficient siRNA delivery carriers is necessary and urgent [27, 28].
To address the previously mentioned hurdles in successfully activating the RNAi pathway
in siRNA therapy, a variety of delivery systems have been developed for protecting fragile siRNA
molecules, delivering them into target cells, and even conferring them additional functions. Based
16

on the abovementioned considerations, an ideal delivery system essentially should possess a great
ability to protect siRNA molecules from nuclease attack, conceal siRNA molecules from immune
recognition and promote siRNA molecules to be readily taken up by cancer cells. With desired
particulate characteristics, newly developed delivery systems are capable of enhancing the
therapeutic efficiency of their loaded siRNA molecules. These desired characteristics such size,
charge, shape, surface property, shielding coatings and targeting moieties are allowed to be
rationally incorporated into the delivery systems through elegant chemistry approaches [29].
Moreover, siRNA therapy via delivery systems can also be endowed with beneficial optical,
magnetic and electrical-related properties through the use of functional nanoparticles as the
delivery system [30]. In this context, various types of materials have been utilized for preparing
siRNA delivery systems for combating cancer. These materials can be basically categorized into
three groups, including lipids, polymers and inorganic particles. The progress and development
of the lipid-based delivery systems for siRNA delivery in terms of the chemical structure will be
reviewed.

For

the

polymer-based

siRNA

delivery

systems,

recent

advances

on

conventional/biodegradable polymeric vectors as well as polymeric nanoparticles will be
highlighted. Finally, polymer-coated inorganic particulate systems for siRNA delivery such as
gold nanoparticle [31], quantum dots[32], carbon nanotube [33] and mesoporous silica[34, 35]
will also be reviewed.

2.2 Lipid-based siRNA delivery systems in cancer therapy
Since the ability of liposomes to transport the preproinsulin gene into the liver cells was
demonstrated [36], liposomes have probably been the most common nanoparticle system for
siRNA delivery in vitro and in vivo. A phospholipid bilayer enclosing an aqueous compartment
of liposomes can fuse with cell membranes, and enhance siRNA delivery into cells. The siRNA
entrapped by lipids form amorphous lipid/siRNA nanoparticles known as lipoplexes which can
prevent siRNA from RNase degradation. Lipoplexes deliver siRNA into cytoplasm by interacting
with the negative charged lipid bilayer of cell membrane. Some commercially available liposome
17

have been proposed as siRNA transfection agents, such as Lipofectamine 2000 [37],
Lipofectamine

RNAiMAX

[38],

Oligofectamine™

[39],

1,2-dioleoyl-3-

trimethylammoniumpropane (DOTAP) [40], TransIT-TKO [41], RNAiFect [42], and TransITsiQUEST [43]. More importantly, some lipids used as siRNA loading carriers are in Phase I
clinical trials. However, siRNA delivery using lipids has a few important drawbacks. A major
disadvantage of the lipid-based siRNA delivery system is that lipids can activate the
complementary system of innate immune response after administration [44]. For example,
DOTAP did not only induce a severe interferon response, but also up-regulated the expression of
STAT1 (a cell signaling protein) [45]. To reduce the immunological reaction, some studies have
developed various kinds of methods such as polyethyleneglycol (PEG) modification (nanoparticle
surface with a layer of PEG) [46]. As an alternative method, one study showed that acute
inflammation responses can be significantly reduced by treatment with dexamethasone (an antiinflammatory drug), which did not influence siRNA knockdown efficiency mediated by lipid
nanoparticles [47].
Warashina et al. described a novel cationic lipid nanoparticles, named as YSK12-MEND
(YSK12-C4 multifunctional envelope type nano device), which greatly promoted gene silencing
in mouse DCs (dendritic cells) when loaded with siRNA, and at the same time exhibiting very low
cytotoxicity at the same time [48]. The gene silencing efficiency of YSK12-MEND can be excess
of 90% with a median effective dose of 1.5 nM, in comparison with the maximum gene silencing
efficiency of the commercial transfection regent Lipofectamine RNAiMAX which is less than 60%
for the effective dose of 25 nM. YSK12-MEND is fabricated using the t-BuOH (tert-Butyl alcohol)
dilution method, which is able to form small and uniform particles that efficiently encapsulate
siRNA. To enhance siRNA transduction in vitro, YSK12-C4 (a ionizable cationic lipid) was
designed with unsaturated carbon chains and a cationic property, based on YSK05 (Fig 2.2).
YSK05 is a pH-sensitive cationic lipid, which enhances the ability of the YSK12-MEND to escape
from endosomes to achieve high efficient gene silencing in the liver in vivo [48]. Even without
any specific targeting protein of liver cell, liposome nanoparticles normally accumulate and
18

deposit in liver [49]. For instance, a lipid-based siRNA delivery system consists of positive
cationic lipids with hydrophobic linoleyl and tertiary amine groups for ishepatocyte-specific
delivery [49]. Tao et al. developed cholesterol-based PEGylated lipid nanoparticles containing
luciferase that targeted siRNA, providing a peak of 90% gene knockdown efficiency in the liver,
and which were sustained for 10 days [50]. A large number of lipid-based materials were screened

Figure 2.2 Structure and functional analysis of the YSK12-MEND [48]. (a) Chemical structural
formula of YSK12-C4. (b) Conceptual structure of YSK12-MEND. YSK12-MEND was consisted of
YSK12-C4, cholesterol and 1,2-Dimyristoyl-sn-glycerol methoxyethyleneglycol 2000 ether (PEGDMG) with 85/15/1 mass ratio. (c) TEM image of the YSK12-MEND. (d) Gene silencing efficiency
against the SR-B1 gene with different dose in mouse bone-marrow derived DCs (BMDCs). BMDCs
were respectively transfected with the YSK12-MEND, R8/GALA-MENDSUV or RNAiMAX, and the
mRNA transcriptional levels of SR-B1 gene were detected by quantitative RT-PCR. (e) Cell viability
of BMDCs. BMDCs were co-cultured with YSK12-MEND, R8/GALA-MENDSUV or RNAiMAX with
different doses of siRNA (3, 10, 100 nM), and the cell viability was measured at 2 h after the treatment.
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to look for the optimal liposome nanoparticle component for siRNA delivery. In a recent report,
Jayaraman et al. discovered that the lipid pKa is an important parameter to measure the delivery
efficiency, and demonstrated that lipids with pKa (acid dissociation constant, known as acidity
constant, is a quantitative measure of the strength of an acid in solution. It is the equilibrium
constant for a dissociation in the context of acid–base chemical reactions) from 6.2 to 6.5 present
the high siRNA delivery efficiency. By optimizing liposome/siRNA nanoparticle based on the
pKa, the liposome complex down-regulated 50% gene silencing in vivo [51]. To form protonated
environment in endosome, the pKa of ionized lipids should be high enough such that they can
escape from lysosome to cytosol. Meanwhile, the pKa should also be low enough to ensure high
delivery efficiency, low toxicity and longer circulation time [8]. Alabi et al. identified the
relationship of structure and function on activity of lipid nanoparticle–regulated siRNA delivery
in vivo by using of a multi-parametric approach [52]. From these studies, we know that the gene
silencing efficacy can be better predicted by referring to multiple parameters, such as in vivo and
in vitro stability, loading efficiency and uptake rather than only examining the knockdown
efficiency in vitro. On the other hand, because lipid nanoparticles tend to accumulate in the liver,
their potential risk of inducing hepatotoxicity should also be considered when designing or using
lipid structures.

2.3 Non-biodegradable polymers-based siRNA delivery systems
Polymeric systems have been widely applied to siRNA delivery for cancer treatment
(Table 2.1). In contrast with lipid-based siRNA delivery systems, polymer-based siRNA delivery
systems normally include a cationic component as a core component. The operating mechanism
of such polymer-based DNA delivery systems has been explained in literature [53-55]. Both
plasmid DNA and siRNA are nucleic acids, and share some similar characteristics. Hence,
substantial knowledge of previous polymers for delivery of plasmid DNA can help to develop and
design polymer structures for siRNA delivery. However, the siRNA molecule is different from
plasmid DNA in terms of stability, charge ratio, molecular weight, method of action and activity
20

Table 2.1 Summary of siRNA delivery polymers and their modifications.
Property

Name
PEI

Modification
PEG, targeting
peptide

Targeting gene
VEGF,
BCL2,
Her-2

Assay conditions
In vitro and in vivo

DMAEMA

PEG, PAA,PCL

VEGF, GAPDH,

In vitro and in vivo

PAMAM
(poly(amid
oamine))

PEG, RGD

Hsp27,
GFP

BCL2,

In vitro

PLL (poly
(l-lysine))
Chitosan

PEG, cholesterol

Luciferase, BCL2

In vitro

PEG, PLL

P-gp, survivin

In vitro and in vivo

Cyclodextri
n

PEG,PLL, PEI,
folic
acid,
transferrin

VEGF, EWS-FLI,
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site in cell. Hence, the same polymer will exhibit different delivery efficiencies for plasmid DNA
and siRNA. Normally, cationic polymers can be classified as non-biodegradable and
biodegradable. For instance, chitosan-based polymers, cyclodextrin-based nanoparticles and
gelatin are biodegradable polymers, while non-biodegradable polymers include linear and
branched polyethyleneimine (PEI), and polydimethylaminoethyl methacrylate (DMAEMA).
Compared with cationic liposomes which require complicated processing steps before forming
lipo-siRNA capsule-like structures, cationic polymers can form a complex with negative siRNA
based on electrostatic interaction upon simple mixing.
2.3.1 PEI siRNA delivery system
An extensively used non-biodegradable polymer is PEI (poly-ethyleneimine), either in the
branched or in the linear forms which consists of a variety of protonated amino groups and widerange of molecular weights (MWs) [80-82]. These amino groups of PEI possess a relatively high
positive charge density, such that upon electrostatic interaction, the negatively charged phosphate
groups of siRNA and positively charged amino groups of PEI achieve complexation. Due to the
proton sponge effect (PSE) and lots of positive charged amino groups, the PEI disturbs the pH in
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Figure 2.3 Cationic polyplexes escape from endosome through the proton-sponge effect. The polymer
with the positive amine groups disturbs the pH of the endosome. H + are pumped into endosome to
balance this disturbance, and Cl- also go into endosome by passive diffusion at the same time, causing
an increased concentration of ions. Consequently, H2O also diffuses into the endosome, leading to
swelling and rupture of the endosomal membrane that results in the polyplex release [55].

the endosome, ultimately inducing the rupture of late endosome, and thus releasing the siRNA
into the cytoplasm (Fig 2.3). Although PEI possesses some advantages for siRNA delivery, it
suffers from obvious cytotoxicity that causes inflammation and its rapid absorption and clearance
by macrophages [83, 84]. Additionally, unwanted cellular mechanisms induced by PEI such as
necrosis and apoptosis, cell death have also been observed in various kinds of cell lines.
Furthermore, the PEI/siRNA complex possesses very weak colloidal stability in serum-containing
media. With the help of intravital real-time confocal laser scanning microscopy, Takahiro et al.
observed that the positively charged nanoparticles tend to rapidly form aggregation complexes
upon intravenous injection [85].
To address this issue and to reduce the cytotoxicity induced by PEI, a wide range of PEGs
were conjugated to PEI in order to synthesize a block copolymer [86, 87]. Aggregation was
significantly reduced in the PEGylated PEI/siRNA nanocomplex. Meanwhile, a shield block layer
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formed by PEG moieties prevents the polyplex structure from undesirable interactions with
proteins or degradation enzymes in in vivo environments [88]. The siRNA condensation and
stability can be regulated by the graft density and chain length of PEG on the PEGylated
PEI/siRNA nanoparticles. Previous reports showed that PEGylated PEI/siRNA nanoparticles have
a lower deposition rate in liver after intravenous injection. Moreover, no obvious degree of
complement activation was induced by PEGylated PEI/siRNA nanoparticles when compared with
PEI/siRNA particles [83]. However, it should be cautioned that both PEI and PEGylated PEI
nanoparticles induced complementary activation-related pseudoallergy in swines, as shown by
cardiopulmonary reactions. PEI/siRNA nanoparticles and PEG-grafted PEI/siRNA nanoparticles
with hydrophobic fatty acid modifications were intratracheally injected for gene knockdown in a
rodent model. In this study, both nanoparticles elicited up-regulated levels of IgM in the
bronchoalveolar lavage fluid and inflammatory responses [89]. These studies highlighted that it is
necessary to develop novel PEI-based siRNA carriers with low cytotoxicity, reduced
immunotoxicity, and improved gene knockdown efficiency. To direct the PEI-based polyplexes
to a targeting site of action, the distribution of polyplexes can be oriented by conjugating a
targeting ligand in the polymer structure. PEIs have been modified using mannose, galactose,
transferrin, folic acid, RGD(Arg-Gly-Asp) peptide, epidermal growth factor (EGF), TAT peptide,
and trastuzumab for targeting delivery by ligand-receptor mediating pathways [90].
2.3.2 The DMAEMA siRNA delivery system
DMAEMA (dimethylaminoethyl methacrylate) has attracted lots of attention for siRNA
delivery because of its relatively high buffer capacity and biocompatibility. Strayton’s group
developed a siRNA polymer carrier that combines DMAEMA as a siRNA-condensing block with
a PAA(propylacrylic acid) containing block to endow endosome escape activity [60]. This diblock
copolymer was synthesized via reversible addition fragmentation chain transfer polymerization
(RAFT) to prepare a series of well-defined diblock copolymers that vary the composition of the
PAA block which acts as both a shielding/stabilizing and pH-responsive block. The resulting
polymer/siRNA complexes have sizes of 80–250 nm with slightly positive zeta potentials. Finally,
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Figure 2.4 Synthetic pathway of PDMAEMA–PCL–PDMAEMA triblock copolymers[59].

siRNA delivery using the diblock copolymers effectively reduces the expression of GAPDH on
the HeLa cells at both mRNA and protein levels. The vesicles and micelles with higher ordered
chemical structures have the additional option of integrating multiple therapeutic agents. The
hydrophobic cores of the micelles allow loading of poorly soluble drug payloads, while the
hydrophilic cores of vesicles can accommodate water-soluble drugs. Zhu et al. reported a cationic
micelles based on PDMAEMA–PCL–PDMAEMA triblock copolymers applied for the
combinatorial co-delivery of siRNA and paclitaxel [59]. PDMAEMA–PCL–PDMAEMA
copolymers were synthesized via RAFT polymerization of DMAEMA using CPADN–PCL–
CPADN (4-cyanopentanoic acid dithionaphthalenoate) as a macro-RAFT agent (Fig 2.4). Gel
retardation results indicated that copolymers could effectively encapsulate siRNA at the 4:1 and
2:1 nitrogen/phosphorus (N/P) weight ratios, respectively. The combinatorial delivery of VEGF
siRNA and paclitaxel by PDMAEMA–PCL–PDMAEMA triblock copolymers showed an
efficient 90% down-regulation of VEGF expression on prostate cancer cells, whereas branched
PEI, as positive control, only exhibited a 75% down-regulation[59]. The group of Stayton has also
developed a multi-therapeutic micellar system comprising of doxorubicin, a pH-responsive
polymer (poly(styrene-alt-maleic anhydride), pSMA), and siRNA against plk1, which has been
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shown to cause cell-cycle arrest and apoptosis in ovarian cancer cell line as well as increased
sensitivity to chemotherapeutics [91]. The cationic micelles were firstly formed from diblock
copolymers of DMAEMA and butyl methacrylate (pDbB), the latter polymers was synthesized
via RAFT using dodecyl cyanovaleric trithiocarbonate (DCT) CTA and 2,2’-azobis(2methylpropionitrile) (AIBN) radical source. To improve delivery efficacy via endosomal release,
a pH responsive copolymer of pSMA was electrostatically complexed with the positively charged
DMAEMA corona. The pH-responsive ternary complexes were able to effectively deliver siRNA
to drug-resistant ovarian cancer cell lines (NCI/ADR-RES), resulting in the 50% reduction of plk1
gene expression and sensitized the NCI/ADR-RES cells to doxorubicin and a decrease in cell
viability. In order to increase siRNA delivery efficiency, Duvall and colleagues developed a
poly[(ethylene

glycol)-b-[(2-(dimethylamino)ethyl

methacrylate)-co-(butyl

methacrylate)]

diblock polymer, PEG-(DMAEMA-co-BMA), via addition-fragmentation chain transfer (RAFT)
with different mol% BMA in the second polymer block [92]. By optimizing the relative ratio of
DMAEMA and BMA, the cationic and hydrophobic contents of PEGylated siRNA-loaded
polyplex nanoparticles were balanced to enhance siRNA packaging, endosomal escape and blood
circulation time. Compared to the standard polymer, the polymer with 50:50 mol% of DMAEMA:
BMA in the RAFT-polymerized block efficiently improved the blood circulation half-life by
three-fold as result of reduced rate of renal clearance and enhanced stability. This optimized
polymer improved siRNA bio-distribution in the liver and other organs and obviously increased
gene silencing in vivo relative to standardized and PEG-DMAEMA diblock architecture.

2.4 Biodegradable polymer-based siRNA delivery system
The selection of a suitable vehicle for siRNA delivery is very important because an
inappropriate choice can increase off-target effects and reduce the gene silencing activity. The
factors of controlling the efficient delivery of siRNA into the cytoplasm of the target cell have
been illustrated in order to avoid non-specific silencing toxicity during systemic cancer treatment
[93]. Because of cytotoxicity of high molecular mass of non-biodegradable polymers, various
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degradable polymers with low molecular weight have been developed to acquire a safe vector
with higher siRNA transfection efficiency including poly-L-lysine (PLL), chitosan, gelatin,
poly(lactic-co-glycolic acid) (PLGA), and cyclodextrin (CD).
2.4.1 PLL based delivery system
As a biodegradable cationic peptide, poly-L-lysine (PLL) has been the subject of wide
studies as a starting material to realize nanostructured polymeric carriers for siRNA delivery.
Different molecular weights of PLL were synthesized through polymerization of lysine N-carboxy
anhydrides (NCA). As the formed simple nanoplexes of siRNA and PLL alone are unstable in
media containing serum, several derivatives of PLL were developed to improve the efficacy of
siRNA delivery. Kodama et al. developed a completely biodegradable dendrigraft poly-L-lysine
(DGL) with favourable properties of polylysine and dendrimers. DGL was conjugated with
luciferase siRNA and recharged with biodegradable γ-polyglutamic acid (γ-PGA) to reduce the
cytotoxicity of the cationic polymer. The ternary nanoplexes could inhibit luciferase protein
expression in the tumor without haematological toxicity and cytotoxicity after straight
intratumoral injectioninto of mice bearing Colon26/Luc cells [65]. In order to further enhance the
delivery efficiency of siRNA, cholesterol (Chol) moieties were grafted to the -termini of PLL
segments to form MPEG-b-PCL-b-PLL/Chol (poly(ethylene glycol)-block-poly(ɛ-caprolactone)block-poly(L-lysine)/Chol) micelleplex. The Chol conjugation would improve the hydrophobic
interaction with both cell and endosomal membranes as Chol moieties are well-known
components of such membranes and have very good affinity with phospholipid molecules. The
results demonstrated that the final micelleplex is originated from MPEG-b-PCL-b-PLL have
smaller size, higher particle density, higher siRNA transfection efficiency and gene knock-down
efficiency when compared to mPEG-b-PLL alone based micelleplex. These interactions finally
would enhance cellular endocytosis and improve the escape capability from the endosomes [66].
The group of Cai developed a PLL-based polypeptide cationic micelle for co-delivery of
hydrophobic anticancer drugs and siRNA-Bcl-2 to synergistically treat tumors. The triblock
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copolymer of poly(ethylene glycol)-b-poly(L-lysine)-b-poly(L-leucine) (PEG-PLL-PLLeu) was
synthesized as an effective vector for co-delivery of docetaxel and Bcl-2 targeting siRNA, in
which the PLLeu served as the hydrophobic core to entrap docetaxel, while negative siRNAs were
condensed with PLL via electrostatic binding. The resulting formulation exhibited very good
biocompatibility, stability and excellent passive targeting property. The improved antitumor
activity in MCF-7 xenograft murine model was observed after treatment with co-delivery system
of siRNA and docetaxel [67].
2.4.2 Chitosan-based siRNA delivery system
Chitosan is biocompatible, biodegradable, non-immunogenic, and contains both hydroxyl
and amine groups, and it has been widely explored as siRNA carrier. The presence of primary
amino groups (pKa6.5) in the chitosan backbone renders chitosan positively charged under
slightly acidic conditions, which promotes polyplex formation with siRNA by electrostatic
interactions [94, 95]. Despite the interesting profile of chitosan, the in vitro transfection efficiency
for delivery systems based on chitosan is lower than that of other polymers such as PEI. The major
restrictions for chitosan are the minimal solubility and low buffering capacity, which are attributed
to partial protonation of the chitosan’s amino group at physiological pH value. These limitations
can influence the chitosan-siRNA binding capability and thus can affect the stability of the
nanoparticles in the blood, and finally reduce the biological activity of the siRNA. Additionally,
the components in blood can destabilize the chitosan nanocomplexes. For instance, parts of serum
proteins are able to induce chitosan-siRNA nanocomplexes aggregation, causing vascular
embolization and increased toxicity, or to replace siRNA and conjugate with chitosan, resulting
in release of siRNA and nanoparticles, followed by nucleases degradation and eventual decrease
in the curative effect of siRNA [69, 96]. In order to increase the stability and solubility of the
chitosan nanoparticles, PEG or PEI grafting onto chitosan has been developed. PEGylated
chitosan for siRNA delivery has been widely described in the past decade [68, 95, 97]. PEG, a
hydrophilic polymer, has been described to improve water solubility of chitosan, enhance stability
of the chitosan complex in the physiological environment, and has a positive effect on the siRNA
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transfection efficiency. The unique hydration ability and formal electrostatic neutrality of PEG
allow the construction of a compact hydration layer that decreases the interaction with proteins
[70, 98]. Zheng et al. reported that over 7% PEG density in chitosan based nanoparticles is
necessary for shielding against non-specific interactions with proteins, resulting in a steric
stabilization effect [69, 99]. In Sun’s study, the PEG molecule was grafted on the hydroxyl of
chitosan for formulation of stable siRNA-loading nanoparticles (PEG-CS/siRNA) in physical
environment. PEG-CS/siRNA with smaller size exhibits higher siRNA transfection efficiency by
enhancing the solubility of chitosan. This PEG-CS/siRNA could effectively deliver siRNA
(targeting surviving gene) in xenograft breast tumors in vivo, and has significantly reduce the
growth and metastasis of tumors [69]. In another study, the triblock copolymer micelle of (Nsuccinyl chitosan-poly-l-lysine-palmitic acid, NSC-PLL-PA)-based micelles was synthesized for
co-delivery of siRNA-P-glycoprotein (P-gp) and doxorubicin (DOX). The P-gp coded by the mdr1
gene is an energy-dependent drug efflux transporter that contributes to multidrug resistance, which
weakens the treatment effect in drug-resistant tumors by decreasing intracellular concentrations
of chemotherapeutic drugs. A novel method for inhibiting MDR is to downregulate the expression
of P-gp using RNAi technology [71, 100]. In this NSC–PLL–PA triblock polymer, the NSC was
designed as a hydrophilic shell to improve the half-life of micelles and reduce the cytotoxicity of
PLL. PLL as cationic backbone was used to absorb the negatively charged siRNA by electrostatic
interaction. PA was designed as hydrophobic core to encapsulate DOX. This triblock polymer
micelle showed an average particle size of around 170 nm. More importantly, the micelles were
much more unstable in acidic environments than in alkaline ones, which resulted in rapid release
of siRNA and DOX, as observed in vitro. No obvious polymer cell cytotoxicity was observed.
The in vitro and in vivo antitumor efficiency of the micelles increased considerably, particularly
in HepG2/ADM cells. Due to the downregulation of P-gp gene, most of the Dox in the micelles
accumulated in tumor cells. This co-delivery system significantly repressed tumor growth with
synergistic effects in vivo by bypassing the drug efflux transporters [101].

28

2.4.3 Cyclodextrin-based siRNA delivery system
As we know from the aforementioned reports, although the PLL-based siRNA delivery
system forms a large part of polymer-regulated siRNA carrier, other as siRNA carriers have been
proposed, using novel biodegradable, stable and biocompatible polymers. Among these polymers,
the cyclodextrin polymers (CDP)-based siRNA delivery system has entered clinical trials (Fig
2.5), being the first reported nanoparticle as targeted siRNA delivery system for clinical cancer
treatment [102]. CDP are polycationic polymers synthesized by a polymerization reaction between
dimethyl suberimidate and cyclodextrin monomers with diamine, then forming oligomers with
amidine functional groups. At CDP and siRNA at N/P ratios as low as 3, the strong basicity of
amidine groups can efficiently regulate condensation of CDP/siRNA nanoparticles. Moreover,
CDP can form 50 nm diameter colloidal nanoparticles with siRNA by self-assembly, in which
terminal imidazole groups can promote intracellular trafficking and siRNA release from
endosomes [103]. However, nanocomplexes composed of only CDP and siRNA were able to get
efficient delivery in vitro, these complexes still need additional formulation components for
efficacy and stabilization in vivo. CDs possess a hydrophilic outer shell with hydroxyl groups and
a hydrophobic inner core which can be easily modified by amphiphilic, cationic polymers and
targeting ligands to improve the siRNA delivery efficiency. In order to reduce aggregation of
cationic CDs in physiological environment, further modification with stabilizing groups such as
PEG is necessary. For in vivo experiments, CDP/siRNA colloidal nanoparticles can be stabilized
by modification with PEG through inclusion complex formation between the cyclodextrins and
adamantanes. Furthermore, in targeted in vivo delivery, some of the PEG chains were conjugated
with targeting ligands such as folic acid to allow specific interaction with receptor on the cells
surface [72]. Heidel et al. synthesized cyclodextrin-containing cationic particles that displayed
promising biosafety property for siRNA delivery on a non-human primate animal model. In this
study, CDP/PEG/siRNA nanoparticles modified with transferrin were intravenously injected in
gradually increased doses. These nanoparticles were tolerated at concentrations as high as 9 mg
siRNA/kg by cynomolgus monkeys. Even at these high siRNA concentrations, these particles
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Figure 2.5 Cyclodextrin polymer nanoparticles (CDPs). Composition of the cyclodextrin-siRNA
delivery system[8]. Both adamantane–PEG (AD–PEG) and adamantane–PEG–transferrin (AD–
PEG–Tf) were incorporated to improve CDPs-based particle properties in vivo. Adamantane is a
hydrophobic molecule that forms a stable inclusion complex with the cyclic core of the cyclodextrin
structure.

invoked a comparatively mild immune activation, inducing an escalated level of IL-6 and IFN-.
No obvious toxicity effect to the treatment was observed [73]. The group of Ma developed a new
star-shaped CD derivative containing poly(L-lysine) dendron arms and β-cyclodextrin core (CDPLLD/pMR3) for co-delivery of docetaxel (DOC) and MMP-9 siRNA plasmid (pMR3) into
cancer cells. It was demonstrated that the CD-PLLD/pMR3 nanocomplex indicated a good gene
transfection efficiency in vitro, and could effectively reduce the MMP-9 protein in HNE-1 cells.
This vector could promote a more significant apoptosis than DOC or pMR3 used alone, and
exhibited lower toxicity and better biocompatibility than 25 kDa PEI [74]. The (2-hydroxypropyl)β-cyclodextrin (HP-β-CD) was cross-linked with PEI-600 and folic acid (FA) to develop a gene
carrier for targeted delivery of siRNA into cancer cell lines [75]. This complex administered via
tail vein injection resulted in obvious inhibition of tumor growth and down-regulation of VEGF
protein expression of tumor cells in nude mouse.
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2.4.4 Gelatin-based siRNA delivery system
Proteins normally display low cytotoxicity and high binding affinity for various drugs and
genes. The aqueous steric barrier of protein-based carriers possesses low levels of
reticuloendothelial system (RES) clearance, resulting in improved pharmacokinetic characteristics.
According to these properties, natural proteins are attractive materials as a potential gene carrier
to achieve safe and efficient gene delivery. Gelatin, a natural protein obtained from the hydrolysis
of collagen, is an excellent biodegradable protein candidate for siRNA delivery which is
biocompatible under physiological environment. Additionally, the gelatin has been approved for
the clinical application by the FDA. There are various categories of gelatin differing in terms of
production technique, source of collagen and extraction conditions. In general, the hydrolysis of
collagen depends on the temperature and pH value of its environment [104]. Recently, gelatin
nanoparticles (GNPs)-loaded iNOS (inducible nitric oxide synthase) siRNA was synthesized by
Choi’s group, and was applied intranasally in postischemic rat brain. By delivering of iNOS
siRNA using gelatin, GNPs were observed in extracellular and intracellular compartments of brain,
concluding the olfactory bulb, striatum and cerebral cortex. Significant inhibition and sustained
knockdown of iNOS were detected in iNOS siRNA/GNPs treated groups compared to iNOS
siRNA alone [105]. Obata et al. developed biodegradable cationized gelatin microspheres (CGMs)
comprising HSP47 siRNA, in which ethylenediamine was used for cationization of the gelatin
carboxyl groups. These CGMs with a degradation period of about 2 weeks were used to
continuously release siRNA to inhibit expression of heat shock protein 47 (HSP47) in fibrotic
peritoneum of mouse. A single injection of this complex incorporating HSP47 siRNA could
reduce collagen expression and macrophage infiltration in mice, thus avoiding peritoneal fibrosis
[106]. Lee et al synthesized a tumor-targeted siRNA delivery system using gelatin and
polymerized siRNA [76]. The latter was prepared through polymerization of thiol groups at the
5′-end of siRNA strands, which then were encapsulated in the self-assembled thiolated gelatin
(tGel) nanoparticles (NPs) via chemical cross-linking. The resulting polysiRNA-tGel (psi-tGel)
nanoparticles could effectively protect siRNA from being degraded by RNase, and they can be
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reversibly reduced to release siRNA in reductive environments. The psi-tGel NPs could efficiently
inhibit the expression of red fluorescence protein in melanoma cells (RFP/B16F10), and present
negligible cytotoxicity. Importantly, the psi-tGel NPs also obviously suppressed tumor RFP gene
expression in vivo without significant toxicity. Using gelatin as siRNA carrier, Youngren et al.
successfully delivered STAT6 siRNA into human adenocarcinoma A549 cells, resulting in
obviously reduced expression of STAT6 protein and significantly decrease cell viability compared
to native siRNA and siRNA-lipofectamine complex [77]

2.5 Polymer-hybrid multifunctional delivery system
2.5.1 Quantum dots (QDs) as carrier for siRNA delivery
Tan et al. firstly reported that QDs can be utilized as a carrier for siRNA delivery to silence
the HER2/neu gene of breast cancer cells [107]. Following this study, QDs as outstanding lightemitting nanoparticles have been extensively developed for siRNA delivery [32, 108, 109]. In
previous works, when QDs were used as siRNA carrier, the QDs had to be mixed with either an
external chemical regent such as chloroquine or conventional siRNA delivery agents, which can
be utilized for endosome rupture for siRNA release [110, 111]. By taking advantage of
semiconductor QDs and proton-absorbing polymeric coatings, Yezhelyev developed
multifunctional nanoparticles as carriers for siRNA delivery and imaging. By balancing two
chemical groups (tertiary amine and carboxylic acid) on the surface of QDs nanoparticles, various
kinds of compound of polymer-encapsulated QDs were synthesized for safe siRNA delivery. A
proton sponge effect arises from lots of weak conjugate bases, resulting in proton absorption in
acid organelles leading to an increased influx of Cl- ions and water, and an osmotic pressure
formation across the lysosomal membrane. This osmotic pressure induces the collapse of the
endosomes, releasing its contents into the cytoplasm. Compared with existing transfection agents
(lipofectamine2000, TransIT and JetPEI) using the same proton sponge effect, this study exhibited
not only significant improvement in gene silencing efficiency, but also simultaneous reduction in
cellular toxicity. As these nanometer-sized particles were particularly designed to address cross32

barrier cellular penetration, carrier unpacking, endosomal release, and intracellular transport, they
show very high delivery efficiency for siRNA. These particles can also act as dual-modality
optical and electron-microscopy probes, allowing real-time tracking of the precise location of QDs
during transfection processes [112]. HY Zhu et al. recently synthesized pH-responsive hybrid
quantum dots based on water-soluble cadmium (Cd) tellurium (Te) quantum dots (CdTe QDs),
which can deliver HIF-1α siRNA into cells to treat hypoxic tumors [113]. These nanoparticles
with CdTe quantum dots (QDs) as a core include a functional shell composed of 2-deoxyglucose
(DG)-polyethylene glycol (PEG) linked with a compound of lipoic acid, lysine and 9-poly-darginine (LA–Lys–9R) by a hydrazone bond. The pH-responsive CdTe QDs with hydrazine
functionalization of DG–PEG–LA–Lys–9R could efficiently deliver HIF-1α–siRNA into the
cytoplasm without receptor-regulated endosomal recycling. Within the condition of hypoxic
tumor microenvironment, DG–PEG was released after breakdown of the hydrazone bond in the
low endosomal pH. Meanwhile, remaining 9R-QDs showed a high cell-penetrating ability as a
result of degradation of the DG–PEG shell, which enhanced cellular uptake and efficient
intracellular delivery of siHIF-1α for gene silencing. The same QDs also enabled real-time
dynamic tracking of the whole siRNA delivery process in vitro and in vivo. Wang et al.
synthesized and characterized Mn:ZnSe/ZnS/ZnMnS sandwiched QDs in a facile aqueous
condition for multimodal imaging and siRNA delivery [114]. In these nanoparticles, paramagnetic
Mn2+ ions are introduced as core/shell dopants that provided phosphorescence which enhances the
magnetic resonance signal. Mn phosphorescence can be maintained by the sandwiched ZnS shell
as a result of high level shell doping. Meanwhile, the SQDs (sandwiched quantum dots) are free
of toxic heavy metals, and no obvious cytotoxicity was detected in vitro[114, 115]. Meanwhile,
the high delivery efficiency of SQDs as siRNA carrier in Panc-1 cells were confirmed by realtime PCR (Polymerase Chain Reaction) analysis [114].
The major disadvantage of using QDs as multifunctional imaging probes and siRNA
delivery systems is their inherent cytotoxicity, as most of the well-fabricated QDs are composed
of highly toxic chemical heavy metal elements, such as lead or cadmium. Functional modification
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of these QDs with polymers may be the key to solve some concerns related to acute toxicity but
this may diminish their intrinsic potential as delivery and imaging indicator. Although various
kinds nontoxic QDs for siRNA delivery and imaging in vitro and in vivo have been exploited
recently [116, 117], a systematic analysis of their toxicity is necessary before they enter
biomedical applications in vivo [7]. For this reason, the toxicity of QDs was assessed recently on
non-human primates [118]. In this study, Rhesus macaques as animal models were intravenously
injected with phospholipid micelle-encapsulated CdSe/CdS/ZnS quantum dots. These results
demonstrated that the acute cytotoxicity of these QDs nanoparticles was non-significant. Chemical
analyses indicated that most of Cd accumulated in the kidneys and liver after three months,
proving that the clearance of QDs in vivo was very slow, and suggesting that long-term studies
are necessary to detect the ultimate metabolic pathway of these QDs. The influence of QDs on the
immune, nervous and reproductive systems of animal models should also be meticulously studied
before moving towards pre-clinical experiments.
2.5.2 Mesoporous silica nanoparticles for siRNA delivery
Mesoporous silica nanoparticles (MSNs) are another promising inorganic material for
siRNA delivery due to the ease of controlling its size, large surface area, large pore volume, high
synthesis scalability and low cellular toxicity. Several MSNs-based platforms for siRNA delivery
have been developed. The siRNA and drug molecules can be loaded into the large surface area
pores of MSNs. Xia et al. firstly demonstrated that MSNs coated with polyethyleneimine (PEI)
can enhance the cellular uptake of MSNs for safe delivery of siRNA [119]. Subsequently, a series
of MSNs-based systems for disease therapy have been observed to deliver siRNAs into cells,
normally through endocytosis pathway. For example, Li et al. described the synthesis of MSNs
functionalized with a fusogenic peptide and a cationic polymer PEI, which increased the
endosomal escape of siRNA and consequently improved siRNA-induced silencing gene
expression both in vitro and in vivo [120]. However, the modified MSNs platform without PEG
to shield them from RES (reticuloendothelial system) recognition showed no effect on inhibiting
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the tumor growth. Thus, PEG can provide a steric blocking effect to prevent the siRNA from
enzymatic degradation, and can also reduce binding of serum proteins to the MSNs. Hence, the
layer of PEG on the nanocomplex can reduce immune response, prevent aggregation and improve
the blood compatibility. Shen et al. developed MSNs functionalized with cyclodextrin-grafted
PEI (CP) as a siRNA delivery carrier [121]. The positive charge of CP gave the MSNs the ability
of loading siRNA through electrostatic binding and allowed effective endosomal escape of siRNA.
The delivery of siRNA by CP-MSNP/siRNA particles specifically targeting the M2 isoform of
the glycolytic enzyme pyruvate kinase (PKM2) resulted in effective knockdown of gene
expression in vitro and in vivo. Subsequently, the suppression of PKM2 induced by CPMSNP/siRNA particles effectively inhibited cell growth, invasion, and migration of the MDAMB-231 cell line. The surface of synthesized MSNs was functionalized with PEG and poly (2(diethylamino)ethylmethacrylate) (PDEAEMA) or poly(2-(dimethylamino) ethylmethacrylate)
(PDMAEMA). The modified MSNs were then used for co-loading lysosomotropic agent
chloroquine (CQ) and plasmid DNA or siRNA. The biological studies demonstrated that
polycation-modified MSN were able to simultaneously deliver CQ with DNA or siRNA. The
transfection and silencing effectiveness of the complexes with CQ and the nucleic acids were
obviously increased compared with MSN not loaded with CQ [122]. Another important
application of MSNs is that they can be used to enhance therapeutic effect of chemotherapy. In a
co-delivery system using the PEI-coated MSNPs, a synergistic effect in inhibiting drug-resistant
cell growth was validated. PEI-coated MSNPs that delivered siRNA to inhibit the P-glycoprotein
gene expression of KB-V1 cell line and simultaneously release encapsulated DOX achieved high
efficiency of tumor cell killing [123]. Multiple drug resistance (MDR) in cancer cells is attributed
to the overexpression of drug efflux transporters such as P-glycoprotein (Pgp) protein, which is a
well-known contributor to the formation of a drug efflux pump that prevents the intracellular
accumulation of chemotherapeutic agents. The phosphonate functionalization on the surface of
MSNs allowed them to be further coated with PEI, which endowed MSNs to co-load DOX and
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the Pgp siRNA resulting in a significantly improved cell sensitivity to DOX, and thus enhanced
therapeutic effect.
The group of Min synthesized sponge-like structured porous silica particles with pores of
average diameter of 23 nm that were subsequently decorated with PEG by MeO-PEG-NH2. These
particles, upon loading with siRNA, efficiently down-regulated the expression of the vascular
endothelial growth factor (VEGF) in Hela cell xenografts [124]. A novel general method for
siRNA delivery was developed combining porous core–shell silica nanoparticles with a
multifunctional block polymer [34, 125]. Möller et al. reported a highly efficient siRNA delivery
platform based on MSNs with medium-sized pores of 4 nm. The negatively charged MSN shell
enabled the adsorption of a block copolymer comprising of positively charged artificial amino
acids, which acts simultaneously as capping and endosomal release agent. The extremely high
siRNA loading capacities of up to 380 μg per mg siRNA/MSN were achieved with chargematched amino-functionalized core–shell nanoparticles. This multifunctional delivery platform
was highly effective in cell transfection and siRNA delivery.
The large capacity of MSNs was developed to efficiently co-load a cancer
chemotherapeutic, such as DOX together with Bcl2-siRNAs. The study indicated that both DOX
and Bcl2-siRNA were delivered into cells. By silencing the multi-drug resistant pump of Bcl2
gene expression, they enhanced cell sensitivity to DOX [126]. Recently, MSNs coated with PEI
and PEG (PEG-PEI-MSNs) were used to overcome DOX resistance on a human breast cancer in
a xenograft nude mice model by co-delivering DOX and siRNA that targeted the P-glycoprotein
(drug exporter protein). This co-delivery system caused synergistic inhibition of tumor cells
growth in vivo when compared to free DOX or the carrier loaded with either siRNA or DOX alone.
Assessment of some xenograft biopsies indicated that apparently P-gp was down-regulated at
heterogeneous tumor parts corresponding to the regions where DOX was released from MSNs
nanocomplex and induced cell death [127]. Based on previous reports, Ngamcherdtrakul et al.
synthesized 47nm-MSNs coated with a crosslinked PEI and PEG copolymer to overcome the
delivery barrier, minimize toxicity, and to enable scaled-up production [35]. This nanocomplex
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not only carried siRNA against the HER2 (human epidermal growth factor receptor type 2)
oncogene, but also was coupled with trastuzemab (anti-HER2 monoclonal antibody) to enhance
tumor-specific cellular uptake. While the HER2 positive breast cancer cells were effectively
inhibited by this complex, it had no apparent effect on HER2 negative cells. When exposed to
PBMC (human peripheral blood mononuclear cell), this siHER2-PEG-PEI-MSNs complex
induced very low secretion of cytokine, which means that this nanoplex exhibited very low
immunotoxicity.
All in all, the research advances in MSN delivery systems are promising and hold great
potential for future clinical applications. However, there are still several significant challenges
that should be overcame and investigated to enable the clinical applications in the treatment of
human diseases. For instance, innovative methods for fabrication of multifunctional MSNs with
efficient and regulated drug release should be developed to allow real-time monitoring of delivery
process via bioimaging. More particular knowledge about siRNA delivery systems and
bioimaging based on MSNs is necessary to investigate more comprehensive diagnostics and
therapeutics in the field of nanomedicine. It is still too early to use MSNs as carriers for clinical
diagnostics and treatment even though their toxicity in vitro and in vivo has been assessed. The
studies of detailed toxicity, metabolism, bio-distribution and clearance rate are imperative before
MSNs are used in patients. The toxicity induced by different administration routes, MSN particle
sizes, and modifications also are needed to be addressed. A recent study suggests that the pore
size of MSNs plays critical roles in the knockdown of gene expression by siRNA, possibly because
it is directly related to the siRNA loading capacity. However, a more detailed mechanistic study
of the loading and delivery process has to be carried out further [128]. These studies tell us that
the MSN-based siRNA delivery systems have not yet achieved the expected goals, as their
operation mechanism needs to be further studied in more details.
2.5.3 Gold nanoparticles siRNA delivery system
Due to facile synthesis, monodispersity, biocompatible, optical properties and easy
functionalization with chemical polymers via thiol groups, gold nanoparticles (AuNPs) have been
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used as imaging agents， biosensors, and even as therapeutic agents carriers for cancer treatment.
Thanks to the nanoscale size of AuNPs, they can passively target tumors via the enhanced
permeability and retention (EPR) effect, or can be functionalized with tumor-specific ligand
molecules for active targeting [129, 130]. Recently, several studies have reported the engineered
AuNPs coated with PEG, PEI, or a biodegradable polymer widely designed for gene delivery for
cancer therapy [7]. Anderson and co-workers synthesized AuNPs functionalized with PEG and
siRNA, then coated them with end-modified poly(β-amino ester)s (PBAEs) to facilitate
intracellular siRNA delivery. These AuNPs formulations showed high effectiveness for in vitro
siRNA delivery, when compared with the commercially transfection reagent, Lipofectamine 2000
[131].

Bishop et al. synthesized layer-by-layer degradable polymer-coated AuNPs for

simultaneous co-delivery of siRNA and DNA [132]. The reducible disulfide-containing poly
(amido amine) and the hydrolytically degradable poly (beta-amino ester) facilitated the particles’
internalization by cells, resulting in effective siRNA-regulated gene knockdown. The group of
Kataoka developed cyclin RGD-installed unimer polyion complex-assembled gold nanoparticle
(c-RGD-uPIC-AuNPs) for active targeting delivery siRNA into HeLa cells (cervical cancer cell
line), in which the cyclic Arg-Gly-Asp (cRGD) peptide ligand was able to selectively bind to
αvβ3/αvβ5 integrin receptors on the cancer cell surface to enhance cellular internalization [133].
The group firstly synthesized the monodispersed uPIC formation consisting of a block catiomer,
namely cyclic RGD (cRGD) peptide-installed poly(ethylene glycol)-block-poly(L-lysine),
modified with lipoic acid (LA) at the ω-end (cRGD-PEG-PLL-LA), and therapeutic siRNA. Then,
the cRGD-uPICs was conjugated to AuNPs through double Au–S bonds, followed by grafting of
additional PEG for production of uniform dispersed cRGD-uPIC-AuNPs (Fig 2.6). Eventually,
the targeted delivery of siRNA for silencing of papilloma virus-derived E6 oncogene by cRGDuPIC-AuNPs obviously inhibited the growth of subcutaneous HeLa tumor via intravenous
administration. Recently, Yin et al. reported a gold nanorods (AuNRs)-based nanoplex
formulation that co-delivered siRNA and DOX for pancreatic cancer treatment [134]. In this study,
the AuNRs were functionalized with PSS and PAH to form a multilayer structure after which both
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the siRNA and the drug were adsorbed on the surface of AuNRs nanocomplexes by electrostatic
interaction. In xenograft animal model, the AuNRs/PSS/DOX/PAH/siRNA nanoparticles
significantly down-regulated the targeted gene expression and reduced tumor volume.
Although these Au nanoparticles present a promising application on siRNA delivery, there
are still important issues that need to be addressed, such as how siRNA nanoparticles can be
accurately tracked following incubation/injection/implantation in vivo, and in particular how longlasting circulation and clearance of these materials take place in the body. Their metabolic
processing mechanisms also need to be understood before these inorganic nanoparticles enter
clinical experiments.

Figure 2.6 Schematic illustration of cRGD-uPIC-AuNP nanoparticle synthesis. The cRGD-installed
uPICs were consisted of a single pair of siRNA and cRGD-PEG-PLL-LA, in which LA and c RGD
moieties were respectively employed for AuNP conjugation and cancer targeting. Secondly, the
uPICs were coated onto a 20 nm AuNP core via double Au–S bonds, then, short PEG was grafted
resulting in monodispersed 40 nm-sized cRGD-uPIC-AuNP [133].

2.5.4 Carbon dots siRNA delivery system
Carbon dots demonstrated excellent gene loading capability due to their large surface area
and easy conjugation with polymers. Carbon dots (CDs) can load gene molecules/anticancer drugs
through π-π stacking interaction, hydrophobic interaction, or electrostatic attraction. Liu and
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colleagues demonstrated that PEI-functionalized carbon dots (PEI-CDs) displayed great potential
for gene delivery and bio-imaging in COS-7 and HepG2 cells [135]. PEI molecules, as a nitrogenrich compound, passivated the surface of CDs and thus enabled them to exhibit new properties,
e.g. strong photoluminescence or act as a polyelectrolyte to condense DNA for gene transfection.
Wu et al. synthesized the folate-conjugated reducible PEI passivated carbon dots (fc-rPEI-CDs)
for targeted gene delivery [136]. The fc-rPEI-CDs are highly biocompatible with low cytotoxicity,
and able to effectively encapsulate double siRNAs (EGFR and cyclin B1). These elaborately
fabricated nanocomposites selectively accumulated in lung cancer cells through receptor mediated
endocytosis, resulting in silencing of EGFR and cyclin B1 gene expression and obviously
inhibiting the cell viability. Recently, Feng et al. reported a cisplatin (IV) prodrug-loaded charge
convertible CDs (CDs−Pt(IV)@PEG-(PAH/DMMA)) for imaging-guided anticancer drug
delivery with enhanced internalization and activation of highly cytotoxic cisplatin (IV) in the
reductive cytosol (pH 7.4) [137]. As shown in Fig 2.7, the anionic polymer with dimethylmaleic
acid (PEG-(PAH/DMMA)) on the functionalized CDs−Pt(IV)@PEG-(PAH/DMMA) could
undergo fascinating charge conversion to a cationic polymer in mildly acidic tumor extracellular
microenvironment (pH 6.8). The experimental results in vivo further confirmed high inhibition
effectiveness in tumor growth with low side effects [137].

Figure 2.7 Schematic graphic for the synthesis of charge-convertible CDs-based drug nano vectors
CDs Pt(IV)@PEG-(PAH/DMMA). pHe means tumor extracellular pH [137].
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Photoluminescent (PL) graphene quantum dots (GQDs) is the next generation of carbonbased nanomaterials. Due to superior mechanical flexibility and large surface area, GQDs exhibit
fascinating physical and chemical properties, and possess great promise in biomedical application.
The nanosized zero dimensional photoluminescent GQDs possess outstanding optical properties
due to the quantum confinement and edge effects which have generated great excitement for bioimaging [138]. Dong et al. synthesized a multifunctional fluorescent nanocarrier of biodegradable
poly(L-lactide) (PLA) and biocompatible PEG-grafted GQDs (f-GQDs) for simultaneous
microRNAs (miRNAs) imaging analysis and combined gene delivery [139]. The f-GQDs
effectively delivered a miRNA probe for intracellular miRNA imaging analysis, and the large
surface of GQDs was also capable of simultaneous delivery agents targeting miRNA-21 and the
survivin gene for enhanced therapeutic efficiency, respectively. The combined conjugation of
targeting agents induced a larger apoptotic cell population of cancer cells when compared with
conjugation of agents targeting miRNA-21 or survivin alone. These results address the promise
of the versatile multifunctional GQDs nanocomposite in biomedical application of intracellular
molecules imaging and clinical gene therapy.
2.5.5 Magnetic nanoparticles siRNA delivery system
The magnetic nanoparticles, particularly magnetite (Fe3O4) and/or maghemite (-Fe2O3),
have been promising candidates in developing a variety of functional nanoparticles for biomedical
applications, including diagnostics, biosensors, drug delivery and magnetic resonance imaging
(MRI). The simple fabrication of magnetic nanoparticles and subsequent surface functionalization
to graft extra diagnostic and therapeutic functionalities has enabled these systems to be engaged
as smart nanomedicines that combine different components, without losing the individual
properties of each component. After surface functionalization by coating with poly(L-lysine), PEI,
or their derivatives, magnetic nanoparticles become highly useful carriers for siRNA delivery
system. The group of Cheon synthesized multifunctional magnetic nanoparticles that can
simultaneously perform siRNA delivery and multimodal imaging [140] (Fig 2.8). They
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Figure 2.8 The synthesis of multimodal MnMEIO–siGFP–Cy5/PEG–RGD[140].

synthesized manganese-doped magnetism-engineered iron oxide nanoparticles (MnMEIO) coated
with bovine serum albumin (BSA) that were further modified with N-succinimidyl-3-(2pyridyldithio) propionate (SPDP) as a linker. Then, SPDP-decorated MnMEIO were conjugated
with RGD peptide (Arg-Gly-Asp), polyethylene glycol (PEG, MW 3400), and siRNA through
degradable disulfide bonds to form MnMEIO-siRNA-Cy5/PEG-RGD multimodal nanoparticles.
RGD-conjugated MnMEIO were internalized through receptor-mediated endocytosis by v3
integrin positive MDA-MB-435 cells. The distribution of MnMEIO in the tumor cells was
observed by Cy5 fluorescence imaging MRI. Furthermore, the down-regulation of the specific
green fluorescent protein (GFP) gene was demonstrated by confocal imaging. Wang et al.
synthesized PEI modified magnetic nanoparticles (PEI-MNPs) as carriers for glioblastoma
multiform treatment by combined intracellular imaging and siRNA delivery [141]. These
synthesized PEI-MNPs presented very low cytotoxicity in a large range of concentrations, and
could form stable complex with siRNA (siRNA–PEI-MNPs) in the serum. The resulting siRNAPEI-MNPs very effectively entered the intracellular matrix and approach the nuclei, which were
observed by fluorescent magnetic labeling. Consequently, siRNA–PEI-MNPs efficiently
suppressed cell proliferation, and promoted cell apoptosis and autophagy of glioblastoma U251
cells [121]. Lee et al. developed chitosan-deoxycholic acid nanoparticles consisting of iron oxide
and perfluoropentane with a hydrodynamic diameter of 257.6 ± 10.9 nm. Then, AllStars Hs cell
death siRNA bound to the particle surface by electrostatic interaction and delivered to breast
cancer cells (MCF-7 cells) and lung cancer cell (A549 cells) was investigated under ultrasound
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exposure. The siRNA functionality was not adversely affected by the treatment protocol and that
the nanodroplets were able to successfully promote siRNA uptake, leading to significant apoptosis
after ultrasound treatment. In this context, the magnetic particles were introduced into the droplets
to increase vaporization efficiency, and also visualize droplet localization for targeted delivery
using an externally applied magnetic field [142].
2.5.6 Nano-gels and Hydrogels siRNA delivery system
Nanogels have high payload capability, a high degree of porosity, and can be selectively
surface-functionalized with biomolecules to enable tumor-specific targeting delivery, and thus
have been developed to delivery anti-cancer drugs [143, 144]. In 2007, Lee et al. firstly explored
hyaluronic acid (HA) nanogels with disulfide crosslinking by inverse emulsion method. The antigreen fluorescent protein (GFP) siRNA was entrapped inside the self-crosslinked HA nanogels in
oil phase under ultra-sonication condition. The HA/siRNA nanogels were effectively uptaken by
HA-specific receptor positive cells (HCT-116 cells) via ligand-receptor mediated endocytosis
manner, and the reported GFP gene expression was obviously inhibited [145]. Later, the group of
Lyon reported the application of peptide-labeled nanogels with high loading capability of siRNA
to selectively target ovarian carcinomas by ligand-receptor binding [146]. This core/shell nanogels
consisting of poly(N-isopropylmethacrylamide) (pNIPMAm), YSA peptide mimicking the
ephrin-A1 and siRNA targeting-EGFR effectively delivered siRNA into cytoplasm of ovarian
cancer cells in the presence of serum, resulting in silencing of EGFR expression and increasing
sensitivity of the SK-OV-3 cells to docetaxel chemotherapy [147]. Raemdonck et al. developed a
kind of biodegradable dextran nanogels siRNA delivery system for time-controlled release in the
intracellular environment. The biodegradable property was attributed to the coupled HEMA
(hydroxyethyl methacrylate) in the dextran backbone by carbonate ester that can be hydrolyzed
under physiological conditions. These nanogels helped siRNA to effectively escape from
endosome and successfully knock-down the expression of luciferase gene of hepatoma cells with
negligible cytotoxicity [148]. Based on ethylenediamine (ED)-functionalized low-molecularweight PGMA (aminated poly (glycidyl methacrylate)), Li et al. developed flexible well-defined
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Figure 2.9 Schematic diagram illustrating the preparation of PGED-NG, morphologies of PGEDNG/pDNA and PGED-NG/siRNA complexes, and nucleic acid delivery processes [149].

reducible cationic nanogels (denoted by PGED-NGs) with α-lipoic acid (LA) as crosslinking
reagents for highly efficient encapsulation of DNA/plasmid and siRNA (Fig 2.9). The PGEDNGs could not only efficiently transport MALAT1 siRNA into hepatoma cells, but also obviously
inhibited the HepG2 cell (liver cancer cell line) proliferation and migration [149]. In other reports,
pH-dependent charge-reversal nanogels were developed to sustain a negative surface charge to
increase their stability under physiological conditions (pH 7.4), and then reverse their surface
charge to promote cell uptake at the tumor lesion due to the lower pH value [150]. For instance,
44

Tasciotti et al. described a one-pot synthesis method to produce uniform disperse nanogels
through coating of cationic poly(2-diethylaminoethyl methacrylate) hydrogel around the
fluorescently-doped monomeric silica nanoparticle cores by oil-in-water emulsion process. The
siRNA was loaded into the cationic hydrogel shell via electrostatic binding [151]. The siRNA
was controlled-releaseed in an acidic pH environment as a result of protonation of the tertiary
amine groups of the poly (2-dimethylamino) ethyl methacrylate shell when the pH changed from
7 to 5, which resulted in the nanogels volume swelling and porous size increasing. Moreover, the
human breast cancer cell line treated with these nanogels loaded with anti-CXCR4 membrane
receptor siRNA demonstrated a significantly decreased expression of CXCR4 protein. After
intravenously injection of these siRNA-loaded nanogels, athymic nude mice showed an obvious
reduction of CXCR4 expression at the tumor site when compared to mice treated with free siRNA.
Forcada et al. designed a core-shell nanogels siRNA delivery system with temperature and pH
dual-response[152]. These core-shell nanogels consisting of a poly(2-diethylaminoethyl)
methacrylate (PDEAEMA)-based core and poly(N-vinylcaprolactam) (PVCL)-based shells were
synthesized by batch seeded emulsion polymerization. The siRNA was conjugated into the formed
nanogels through electrostatic interactions. In this nanocomposite, PVCL displayed a volume
phase transition when temperature changes in water from 32°C to 38°C, and PDEAEMA presents
volume phase transition with respect to the pH change (5.0–7.4). Hence, the siRNA release from
the core–shell nanogel/siRNA complexes was controllable by pH of the solution and the
temperature which both determine the crosslinking density of the PVCL-based shell.

2.6 The barrier and future of siRNA delivery system
The barriers of siRNA delivery are multiple according to the administration routes and
targeted organs. In common, locoregional delivery of siRNA has fewer barriers when compared
with systemic delivery. For instance, intranasal inhalation of siRNA treat respiratory virus
infection, in which naked siRNA and encapsulated in polycationic liposomes have about equally
effective in reducing the viral infection[153]. The intravenous injection of siRNA faces more
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serious challenges. By intravenous injection, siRNA is carried to organs through the blood
circulation and undergoes immunological elimination. The nano-sized vehicles are quickly
distributed to organs in the reticuloendothelial system (RES) and phagocytosed by the
mononuclear phagocyte system (liver Kupffer cells and macrophages)[9]. These clearance
processes regulated by the interaction of particles with blood components (immunoglobulins of
the complement system) can caused higher particle accumulations in RES organs, such as liver
and spleen[154]. This property can be used to target the siRNA delivery to the RES organs, and
should be avoided for targeting non-RES organs. Meanwhile, the positively charged of carrier
tend to aggregate in biological fluid and serum-containing media[8]. For this reason, PEG coating
the strategy have been developed for enhancing greater stability of siRNA carriers in the blood[99].
After reach an organ, siRNA leaves the intravascular space within a blood vessel to enter the
interstitium. Then, siRNA is transported across the interstitial space to the target cells[11, 22]. In
order to improve the targeting and cellular uptake of siRNA nanocomplexes, some tumor cell
specific ligands were installed on the surface of delivery vehicles, such as folic acid, RGD peptides
and transferrin[75, 133, 155]. Within the target cell, siRNA need to be internalized via endocytosis,
a process that involves siRNA being encapsulated in endocytic vesicles that fuse with endosomes.
After entering the endosome, siRNA must escape and be released from the vehicle to the cytosol
in order to form RISC[9]. In this process, the proton-sponge effect plays important role for the
positive charge vehicles of siRNA delivery[11].
According to all the reports reviewed in this chapter, gold nanorods (AuNRs), gold
nanoparticles, magnetic nanoparticle nanogels, and carbon dots all showed promising results and
high efficiency for siRNA delivery [140, 156-159]. Nanoparticle-based siRNAs delivery systems
have shown to be less susceptible to degradation by nuclease enzyme when compared to
conventional transfection agents [7]. These inorganic nanoparticles need to be functionalized with
various polymers depending on their core material and expected target, which is then conjugated
to siRNA through specific approaches including, electrostatic absorption, covalent binding and
encapsulation depending on the material. Additionally, inorganic nanoparticles can also be used
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to construct layer by layer structures with different polymer coatings for siRNA and drug coloading, which also displayed tremendous potential and opportunities in therapeutics.
To date, while important progress has been made in nanoparticles-based siRNA delivery
systems, several key areas, including the design of multifunctional biocompatible nanocomposite
and further understanding the uptake mechanism of nanoparticles in cells, still need to be
addressed. Despite the promising achievements in many reports, the results of initial clinical
studies have yet to meet the expected goals. These initial results indicated that there are still some
challenges for us to overcome. Much more knowledge on the interaction between blood
components and nanoparticle/siRNA complexes is required as it is very important for controlling
the nanoparticle/siRNA stability in the body circulation system. Different imaging methods also
need to be developed for siRNA transport tracking and real-time access to the targeting efficiency
in vitro or in vivo. Hence, such physiological and physical factors should be studied to ensure
increased biocompatibility for the design of next generation of nanoparticle. Although there are
some challenges on the road ahead, the future for the development of novel therapeutics based on
RNAi identified in the next section is bright as novel nanocarriers will be continually designed to
surmount the existing challenges.
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Chapter 3 The synthesis of biodegradable polymer and its potential
as siRNA carrier on pancreatic cancer therapy
RNA interference (RNAi) targeting oncogene mutations in cancer mediated by small
interfering RNA (siRNA) transfection is a very promising treatment. However, the rapid
degradation and negative charge of naked siRNAs restrict their direct delivery into cells. In this
Thesis, we propose a safe and effective transmembrane transport nanocarrier formulation based
on a newly developed biodegradable charged polyester-based vector (BCPV) for siRNA delivery
into cancer cells. Our results have shown that these biodegradable and biocompatible vectors are
able to transfect mutant K-ras siRNAs into the MiaPaCa-2 cells with high transfection and
knockdown efficiency. More importantly, the RNAi process has initiated a cascade gene
regulation of the downstream proteins of K-ras associated with cell proliferation, invasion and
apoptosis. We observed that after the mutant K-ras siRNA transfection, the growth and invasion
of MiaPaCa-2 cells have been significantly reduced, and the apoptosis of the pancreatic cancer
cells has also been promoted. Although in vivo testing data are limited, we propose that the BCPVbased nanoparticle formulation could be a promising candidate as non-viral vector for gene
therapy in clinical settings.

3.1 Introduction
Among gene therapy strategies, RNA interference (RNAi) has received great interest in
the past decade. RNAi is a process of post-transcriptional gene silencing where a sequencespecific double-stranded RNA is introduced to trigger the degradation of the targeted messenger
RNA (mRNA) homologous [19]. It can be initiated by endogenous microRNAs (miRNAs) or
synthetic small interfering RNAs (siRNAs), of which the latter mimics the structure of Dicer
products and is incorporated in the pathway downstream of the Dicer enzyme [8]. When delivered
into the cytoplasm, siRNAs are incorporated into a nuclease complex, which then identifies and
binds to the target mRNA [21]. Consequently, the bound mRNA is rapidly degraded and
interrupted from being translated into proteins [22-25]. In recent years, siRNAs have been widely
48

used for targeted gene silencing in pancreatic cancer therapy. For example, siRNA targeting HIF1α suppressed pancreatic cancer cell proliferation and induced cell apoptosis [160]. Zhi et al. have
used siRNAs against matrix metalloproteinase-2 (MMP-2) to decrease the pancreatic cancer cell
adhesion and invasion [161]. Another study has demonstrated that the silencing of sphingosine
kinase-1 can sensitize the pancreatic cancer cells to chemotherapy drugs [162]. All these results
have shown great promise towards a breakthrough in pancreatic cancer therapy.
Although RNAi initiated by siRNAs has great potential for gene therapy, the application
of siRNA faces a series of challenges. Naked siRNAs are not stable due to nuclease-mediated
degradation and they are negatively charged. Without proper carriers, they cannot enter a cell by
themselves. On the other hand, the carriers need to be nontoxic and able to deliver siRNA with
high efficiency. Most importantly, the carriers should be able to efficiently release the siRNAs so
that they can interact with the RNAi machinery [163]. Furthermore, naked siRNAs are possibly
immunogenic in the bloodstream and not able to cross biological barriers to reach the lesion site
[164]. Viral vectors have been considered as a promising candidate because of their high gene
transfection efficiency. However, due to the size limitation of the inserted genetic materials, the
possible immune response and the biosafety risk, the application of viral vectors has been
restricted [165]. Non-viral vectors have thus been greatly investigated, such as lipids, polymers,
peptides, antibodies, aptamers, nanoparticles and small molecules [8, 42, 166, 167]. Of these
vectors, although some show promising results, their applications are often limited by low
transfection efficiency and/or cytotoxicity. For example, cationic lipid complexes, which have
been the most widely used carrier for delivery of siRNA [42], may cause severe membrane
damages, reduced number of mitoses, cell shrinking and vacuolization of the cytoplasm [168].
Pancreatic cancer is listed as the fourth leading cause of cancer related death, yet its
prognosis has not been improved over the past 40 years [169]. Due to the lack of specific early
symptoms and early detection methods, it is usually diagnosed at advanced and incurable stages
[170] and usually results in fatalities even after treatment with existing therapies [171]. Gene
sequencing analysis revealed that K-ras mutations are very common genetic mutations in
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approximately 90% of all pancreatic cancers and occur mostly in the early stages of pancreatic
cell transformations and tumor progression [172]. The activated K-ras oncoproteins are thought
to alter the cellular signal transduction pathways and enhance the neoplastic growth of the
pancreatic cancers [173, 174]. Reports have shown that the down regulated K-ras gene expression
causes reduced proliferation and migration, and increase of apoptosis in MiaPaCa-2 cells [175].
Therefore, the mutant K-ras gene transcripts can be used as potential targets of specific gene
modulation for suppressing the development of the pancreatic cancer.
In our previous work, the cationic polylactides, which can be referred to as biodegradable
charged polyester-based vectors (BCPVs) have shown great promise as nanocarriers for siRNAs.
In our previous study, the high complexation ability and well-defined structure of BCPV have led
to the application for siRNA delivery [13]. More importantly, BCPV also exhibited very low
toxicity, high biocompatibility and considerable hydrolytic degradability. To further advance the
applicability of BCPV for gene delivery in clinical settings, transfection conditions need to be
carefully optimized. The physiological characteristics of cancer cells are also important before
preclinical animal experiments. In this study, we have optimized the BCPV-siRNA formulation
for efficient delivery of siRNAs into cancer cell lines. All these results suggest that the BCPVbased nanoparticle formulation has a bright prospect as a non-viral vector for clinical cancer gene
therapy.

3.2 Experimental Methods
3.2.1 Synthesis of BCPVs and characterization of polyplexes
As for the synthesis of BCPVs, allyl functional lactide monomers were first synthesized
using the process previously reported by our group (Figure 3.1) [13, 176]. Subsequently, ALA
(720 mg; 5 mmol) and lactide monomers (850 mg; 5 mmol) were introduced into a 10 mL
polymerization flask, and treated with vacuum and nitrogen purge for three cycles. After the
treatment, 10 mL dry dichloromethane was added into the flask and heated up to 35°C. Until the
temperature was 35°C, the initiator benzyl alcohol (10.8 mg; 0.1mmol) and catalyst 4(Dimethylamino) pyridine (48.9 mg; 0.4mmol) were added into the flask with a mild stirring. The
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polymerization was conducted for 3 weeks to have a comonomer conversion of ~90%. The
resulting polymer was precipitated in 10 ml cold methanol in order to separate impurities and unreacted monomers, resulting in allyl functional polylactides (APLAs). APLAs were further
characterized by 1H-NMR (500 MHz, CDCl3), and their MnNMR was obtained to be 19.3 kDa. After
the synthesis of APLAs, the allyl functionality on the APLA was partially converted into tertiary
amines by thiol-ene reaction to prepare BCPVs. First, in a 10 mL flask, APLA (200 mg), 2(Diethylamino)ethanethiol hydrochloride (DEAET, 54 mg) and the initiator 2,2’-Dimethoxy-2phenylacetophenone (DMPA, 32 mg) were dissolved in 5 mL chloroform, resulting in a molar
ratio of [ene of APLA]0:[SH of DEAET]0:[DMPA]0 = 1:0.5:0.2. After removing the remaining
oxygen, the solution was exposed to UV (λmax = 365 nm) for 30 min in order to conduct thiol-ene
reaction. After the reaction, the resulting polymer was treated by dialysis (against 200 ml acetone)
to remove any impurities. In the dialysis process, the solution is changed every 24 hours for 5
consecutive days. Following dialysis, the solution was completely dried by vacuum to give
BCPVs at 90% yield. After that, the BCPV is in powder form, the mass was confirmed by
weighing directly. Then, BCPVs were analyzed through 1H-NMR, and their charge density
relative to the PLA backbone was calculated to be 26% by the 1H-NMR results. The degradation
property of BCPVs in physiologically mimicking media such as PBS buffer has been evaluated
before by our collaborators [176]. The results showed that BCPVs degraded into small molecules
(M.W. smaller than 1 kDa) in one week in various physiologically mimicking media at 37°C. This
demonstrated that BCPVs exhibited great biodegradability, thereby hugely benefiting and
broadening their biomedical applications.
3.2.2 Cell cytotoxicity on different cancer cell lines

The cell lines used were MiaPaCa-2 (pancreatic cancer cell line), A549 (lung cancer),
HepG2 (liver hepatocellular carcinoma), and HeLa cells (cervical cancer), obtained from
American Type Culture Collection, which were used in this study. The cells were maintained in
culture with Dulbecco's Modified Eagle's Medium (DMEM, Hyclone), supplemented with 10%
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fetal bovine serum (FBS, Hyclone), 100 units/mL penicillin (Gibco) and 100 μg/mL streptomycin
(Gibco). The cells were cultured at 37°C in a humidified atmosphere with 5% CO2, and maintained
as described previously [12]. Cell viability was measured by the MTT (3-(4, 5-Dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) (Sigma) assay kit as previously described [12]. The MTT
assay is a colorimetric assay for assessing cell cytotoxicity against biomaterials or drugs. Under
defined conditions, NAD(P)H-dependent cellular oxidoreductase enzymes can reflect the number
of viable cells present. These enzymes are capable of reducing the tetrazolium dye MTT to its
insoluble formazan, which has a purple color in the dimethylsulfoxide (DMSO) solution[177].
Briefly, in each assay, 5×103 cells were dispensed into each well of a 96-well flat-bottom
Microtiter plate and cultured overnight. Eight sets were treated with different concentrations of
BCPVs and one set was treated with DI water as the non-treated control. The cells were
subsequently incubated for 24 h or 48 h before the assay. To perform the assay, 20 μL of MTT
reagent was added to each well and incubated for another four hours. 150 μL of dimethylsulfoxide
(DMSO, Sigma) was then added to dissolve the precipitate with 5 min gentle shaking. Absorbance
was then measured with a microplate reader (Bio-Rad) at the wavelength of 490 nm. The cell
viability was obtained by normalizing the absorbance (Abs) of the sample against the control well
and expressed as percentage, assigning the viability of non-treated cells as 100%. Assays were
performed in triplicate and the results were averaged.
3.2.3 The formation of BCPV-siRNA polyplexes
Nanoplexes of siRNA and BCPVs were prepared by mixing custom-synthesized negative
control

siRNAFAM

(sense:

5’-UUCUCCGAACGUGUCACGUTT-3;

ACGUGACACGUUCGGAGAATT-3’)

or

K-ras

antisense:

siRNA(sense:

5’-

5’-FAM-

GUUGGAGCUUGUGGCGUAGUU-3’; Antisense: 5’-CUACGCCACAAGCUCCAACUU-3’)
with BCPV (1mg/ml) at different weight ratios of BCPV:siRNA (0.5:1, 1:1, 2:1, 4:1, 8:1) followed
by gentle vortexing for 10 s. The solutions were left undisturbed for 30 min to enable the formation
of stable BCPV-siRNA nanoplexes. The hydrodynamic size and zeta-potential of BCPV/siRNA
polyplexes with different weight ratios were measured with Brookhaven 90Plus Particle Size
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Analyzer. The structure of the BCPV-siRNA nanoplexes was observed under JEM-2010
Transmission Electron Microscope (TEM) (JEOL USA, Inc., Peabody, MA, US). Meanwhile, the
formation of stable complexation was verified by measurements of hydrodynamic diameters and
zeta potential (surface potential) of BCPV-siRNA nanoplexes in ultrapure DI water at 25°C using
a 90-Plus particle size analyzer (Brookhaven Instrument Corp., Holtsville, NY, USA).
3.2.4 Gel retarding assay
To verify the effective encapsulation of the siRNA with BCPVs and determine the
optimum dosage of BCPVs required to fully interact with siRNA, agarose gel electrophoresis was
performed. After 20 minutes of incubation at room temperature, the BCPV-siRNA nanoplexes
with different weight ratios were loaded on a 1.2% agarose gel and electrophoresed at 100V for
15 minutes. Gels were observed under UV transilluminator (Bio-Rad).
3.2.5 Serum enzymatic protection assay
According to the previous reports [15, 35], free siRNA and BCPV-siRNA nanoplexes at a
8:1 optimized weight ratio (8:1) were treated with FBS at a final concentration of 50% in PBS for
a specified time (0, 0.5, 1, 1.5, 2, 2.5, 3, 6, 12, 24, 48, and 72 h) at 25°C for evaluating the stability
of siRNA. The sample was mixed with 200 g/ml proteinase K solution and stored at -80°C to stop
the enzymatic reaction. In order to extract siRNA from the nanoplexes, the samples were mixed
with 1 wt% SDS (sodium dodecyl sulfate) for 3 minutes, then the 6 loading buffer was added
and immediately loaded on a 1.2% agarose gel followed by electrophoresis at 110V for 10 minutes.
The gel was viewed under the UV chamber.
3.2.6 Cell transfection
As cancer cells model, the MiaPaCa-2 cells (1×104) were seeded onto 6-well plates in
DMEM medium without antibiotics to give 30%-50% confluence at the time of transfections. 20
µl BCPV (1mg/ml) dispersion was mixed with siRNAFAM at different weight ratios with gentle
vortex and incubated for 20 minutes. Before transfection, the culture medium was replaced with
OPTI-MEM (Invitrogen), and the above mentioned BCPV-siRNAFAM mixture was then added to
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the 6-well plate wells and the cells were continuously cultured for four hours. After that, the cells
from each treated group were prepared for imaging using an inverted fluorescence microscope
and for measuring the transfection efficiency by flow cytometry. The 500 μL DMEM medium
with 30% FBS were added in the dishes with the remaining cells of each group. Free siRNAFAM
was also used in another parallel experiment at the same dosage level. A commercial transfection
reagent Oligofectamine™ (Invitrogen) coupled siRNAFAM was used as positive control. The gene
expression was monitored at 48 hours post-transfection. For transfection efficiency examination,
fluorescence imaging was performed at 4 hours post-treatment.
3.2.7 Transfection efficiency
In vitro fluorescence microscopy images were obtained using an inverted fluorescence
microscope (Eclipse-Ti, Nikon). After 4 h of incubation, the transfected cells were washed twice
with 1ml PBS, and fixed with 4% formaldehyde. The cells were incubated with DAPI (4',6Diamidino-2-Phenylindole, Sigma) for nuclear counterstaining before performing the imaging
experiments. To image the cells, filter sets for DAPI (excitation at 405 nm, and emission was
collected with a band pass filter 525/50 nm (the peak wavelength at 450 nm and full width at half
maximum (FWHM) of 50 nm) and FITC (excited with 488nm laser and emission was collected
with a band pass filter 525/50 nm) were applied for DAPI and FAM (with excitation/emission
maximum at 492/518 nm) signals, respectively. For the flow cytometry experiments, the cells
were washed twice with 1ml PBS and harvested by 500 µl trypsin. The FAM served as the
luminescent marker (filter set for FITC was applied) to determine the transfection efficiency
quantitatively. The samples were analyzed using a FACSCalibur flow cytometer (Becton
Dickinson, Mississauga, CA).
3.2.8 Semi-Quantitative PCR
48 hours after transfection, total RNA was extracted from MIAPaCa-2 cells using an
E.Z.N.AtM Total RNA Kit (OMEGA) and the amount was quantitated by a spectrophotometer
(Nano-Drop ND-1000). Reverse transcription was conducted in a 20 μl reaction mixture and
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cDNA was synthesized from 2 μg of total RNA using the reverse transcriptase kit (Promega) as
described in a previous report [178]. The K-ras relative mRNA expression level was determined
using semi-quantitative PCR normalized to the expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH), one of the most commonly used housekeeping genes adopted in
comparisons of gene expression. According to a previous report [12], the primer sequences for
different genes were as follows: K-Ras, forwards 5′-AGAGTGCCTTGACGATACAGC-3′ and
reverse

5′-ACAAAGAAAGCCCTCCCCAGT-3′;

GAPDH,

forwards

5′-

ACCACAGTCCATGCCATCAC-3′ and reverse 5′-TCCACCACCCT-GTTGCTGTA-3′. The
PCR products were electrophoresed on 1.2% ethidium bromide-stained agarose gel and observed
under a UV transilluminator (Bio-Rad).
3.2.9 Cell proliferation, apoptosis, migration and invasion Assays
The effect of BCPV-siRNA on the MiaPaCa-2 cell proliferation was detected by MTT
assay as 1.3 sector described above. A wound-healing assay was conducted to examine the
capacity of cell migration, as described previously [179, 180]. Briefly, MiaPaCa-2 cells (total cell
number is 1×104) were seeded into each well of 24-well plates, then transfected with BCPVsiRNA (weight ratio is 8:1) for 48h, in which the cells reached almost confluent. The wound was
generated by scratching the surface of the plates with a sterile middle pipette tip. Then, the cells
were incubated in a complete culture medium and photographed with a Nikon Eclipse-Ti
microscope. Cellular migration toward the scratched area was respectively assessed at 0, 24, 48,
and 72 h (0 h is time of scratching line). The distances of migration from the cellular monolayer
to the wounded area during these time points were measured by NIS Elements Br Analysis 4.0
software. The invasive capacity of MiaPaCa-2 cells treated with siRNA transfection or after
different treatments were tested by using 8 µm BD BioCoat Matrigel Assay System invasion
chambers (BD Biosciences), according to the manufacturer’s protocol with minor modifications.
Briefly, MiaPaCa-2 cells were transfected with BCPV-siRNA for 48 h as described above.
Furthermore, transfected MiaPaCa-2 cells (5×104) with free FBS medium were seeded into the
upper chamber of the system. Bottom chamber in the system were filled with 10% FBS medium
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as a chemoattractant. After 48 h of incubation, the cells in the upper chamber were removed with
swabs, and the cells that invaded through the Matrigel matrix membrane were stained with 1%
crystal violet in PBS buffered saline for 30 minutes. Then, the invaded cells were viewed under
the microscope, and counted in 5 random fields of vision. The apoptosis assay was conducted
using a FITC Annexin V Apoptosis Detection Kit I (BD PharmingenTM) according to the
manufacturer. Briefly, approximately 106 MiaPaCa-2 cells were seeded in a six-well plate. Then,
the cells were treated with the BCPV-siRNA (the weight ratio is 8:1) for 72 hours. The cells were
then collected and washed twice with 1 ml cold PBS and suspended in 500 µl Binding Buffer.
Subsequently, the externalization of phosphatidylserine was measured as FITC labeled AnnexinV.
The cell nucleus was stained with PI. The stained cells were analyzed by flow cytometry to
determine the apoptotic cells.
3.2.10 Statistical analysis
Statistical analysis was performed using analysis of variance (ANOVA). All statistical
calculations were performed with the SPSS 11.0 software package. Data are presented as mean ±
SD. When two groups were compared, a p-value less than 0.01 or 0.05 is regarded as statistically
significant.

3.3 Results and discussion
Nanomaterials have been a powerful tool to overcome many biomedical obstacles due to
their unique physical and chemical properties. In order to overcome the challenge that naked
siRNA is easily degraded and cannot penetrate the cell membrane by itself, we developed a novel
siRNA delivery system based on biodegradable charged polyester-based vector (BCPV). The
BCPV with positive charge was synthesized by ring-opening polymerization (ROP) and thiol−ene
click functionalization using BnOH as the initiator and DMAP as the organocatalyst. The ROP
process and thiol-ene click reaction were chosen because these processes can be operated under
mild conditions, without using toxic metal-based chemical agents. For inducing the “proton
sponge” effect, a tertiary amine group was selected as the cationic group for the BCPV, and
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DEAET was chosen as the thiol functionalization agent. The tertiary amine functionalities were
introduced on a well-defined APLA using a thiol−ene click reaction. BCPV denoting 28 % of
amine group grafted to the PLA backbone was synthesized. The schematic drawing of the BCPV
chemical structure is shown in Fig 3.1a. 1H NMR analysis was performed to characterize the
BCPV composition (Figure 3.1b). Its molar fraction of ALA was 22%, and that of the tertiary
amine-based unit was 28% as resulted from comparison of the resonance intensities of allyl CH
protons (CH = CH2) of the monomer unit of ALA (at 5.77-5.79 ppm) and the methyl protons of
the tertiary amine-based unit (at 1.21−1.43 ppm). By comparing the resonance intensities of the
CH protons from the comonomer units and the allyl CH2 protons (CH=CH2) from monomer unit
of ALA at 5.14−5.23 ppm with the resonance intensities of the C6H5 protons from BnOH at 7.35
ppm, the number-average degree of polymerization (DPn) of 95 was calculated and acquired.

Figure 3.1 (a) Synthesis of BCPV via ROP (ring-open polymerization) and thiol−ene
functionalization. (b) The chemical structure of the BCPV was confirmed from the NMR spectra
(500 MHz 1H NMR spectra of BCPV in CDCl3).
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In our previous report [176], we have demonstrated that the degradation of BCPV
happened at the main chain cleavage. The cleavage not only was induced by the hydrolysable ester
bonds, but also caused by the nucleophilic attack of the tertiary amines. The synthesized BCPV is
a degradable vector with high surface charge (+62.68±9.46 mV) attributed to the presence of
tertiary amine groups grafted to the polylactide backbone. Before forming the nanoplexes with
siRNAs, the hydrodynamic diameter of BCPV was measured to be 13.64±4.96 nm. Prior to further
applications, the intrinsic cytotoxicity of BCPVs was evaluated by an MTT assay. As shown in
Fig. 3.2, BCPVs showed no significant cytotoxicity after 48 h of incubation on four different
cancer cell lines, namely a pancreatic cancer line (MiaPaCa-2), a lung cancer line (A549), a
hepatocellular carcinoma line (HepG2), and a cervical cell line (HeLa cell), even at a dose as high
as 256 g/mL. This result indicates that BCPVs exhibit negligible cytotoxicity for various cell
lines, and thus, they can be used in large amounts as siRNA delivery carriers.
For efficient delivery, the ratio between the siRNAs and the carriers is an important
parameter that uses to be optimized. To investigate the influence of the BCPV:siRNA weight
ratio on the formation of BCPV-siRNA nanocomplexes, BCPVs and siRNA were mixed at seven

Figure 3.2 Cytotoxic effect of BCPVs on four cancer cell lines. The cells were treated with different
concentrations of BCPVs, and the intrinsic cytotoxicity was evaluated by MTT assay 48 h post
treatment with BCPVs. Results are represented as means ± SD, n = 5.
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different BCPV:siRNA weight ratios, where the weight of siRNA molecules is fixed at 1.25 μg.
The hydrodynamic size and zeta potential of the seven conjugates were monitored. As shown in
Fig. 3.3a and 3.3c, the size of BCPVs alone was 7±3.5 nm, while the average hydrodynamic
diameter of BCPV-siRNA nanocomplexes increased with increasing BCPV:siRNA weight ratio.
Figure 3.3b shows that the zeta potential of BCPV-siRNA nanocomplexes decreased with
decreasing BCPV:siRNA weight ratio due to the negatively charged nature of siRNA. The change
in the zeta potential is more obvious. A clear drop in the zeta potential of the positively charge
BCPV is identified upon loading of siRNAs. As the ratio of siRNAs gets higher, a constant
decrease in the zeta potential is observed due to higher loading ratio of the negatively charged
siRNAs. These results indicate that the zeta potential and size of BCPV-siRNA nanocomplexes
can be effectively tuned by altering the BCPV:siRNA weight ratio.

Figure 3.3 Hydrodynamic size and surface charge changes of the BCPV-siRNA nanoplexes. (a) The
hydrodynamic size distribution of BCPV-siRNA nanocomplexes at different weight ratios as
measured by DLS. The apparent change in the polydispersive hydrodynamic diameter of BCPVs
alone and BCPV-siRNA nanocomplexes at different mass ratios was measured by a 90-Plus particle
size analyzer, confirmed the formation of stable nanocomplexes. (b) Zeta potential changes of BCPVs
loaded with different amounts of siRNA. The anionic DNA was encapsulated by cationic BCPV
polymers through electrostatic interactions. (c) The size distribution of BCPV/siRNA polyplexes at
different weight ratios.
59

In the gel retarding experiment, five different weight ratios of BCPV:siRNA (1:1, 2:1, 4:1,
8:1 and 16:1) were evaluated, which the weight of siRNA fixed at 1.25 μg. The conjugation of
siRNAs to the BCPV was identified by gel electrophoresis. Equal amount of siRNAs were mixed
with BCPV at different weight ratios and loaded into a gel electrophoresis after this process, as
shown in Fig. 3.4, the bright color associated with the ethidium bromide indicates that the siRNAs
conjugated with BCPV were retained in the loading wells while the un-bounded siRNAs migrated
to the opposite electrode. By comparison in the pure siRNA channel decreasing fluorescent
intensities could be observed as the ratio of BCPV gets increased. When ethidium bromide is
bound to a nucleic acid, its intensity will be amplified. In the cases of high BCPV:siRNA ratios,
the excess amount of BCPV “buried” the siRNA and impeded the contact to ethidium bromide,
which resulted in decreasing intensities. Nevertheless, this some result can also serve as a clear

Figure 3.4 (a) Agarose gel electrophoresis of BCPV/siRNA nanoplexes using Oligo-siRNA as a
positive control group. As the concentration of BCPV was increased (up to 16:1 ratio of BCPVsiRNA), the stained intensity turned less bright and eventually disappeared, indicating that most of
the siRNA macromolecules were encapsulated by BCPVs. (b) TEM image of BCPV-siRNA
nanoplexes at 8:1 weight ratio. The capsule-like structures were assembled as the negatively charged
siRNA was encapsulated with positively charged BCPV molecule to form stable polyplexes through
electrostatic interaction.
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indication of the siRNA-BCPV conjugation. Additionally, we found that the BCPV formulation
is able to combine most of the siRNA when the BCPV-siRNA weight ratio is above 8:1. At 8:1
feeding ratio, the BCPV weight was estimated to be 10.25 µg, and that of siRNA was 1.25 µg.
Based on these values, the drug loading content was calculated and resulted to be about 11.1 wt%
at a 8:1 feeding ratio. The dynamic light scattering (DLS) results (Fig. 3.3) show that the BCPVsiRNA nanocomplexes at a BCPV-siRNA weight ratio of 8:1 had an average diameter of 104 ±
15 nm and a zeta potential of 40 ±5 mV. The successful formation of BCPV-siRNA
nanocomplexes at the 8:1 weight ratio was also verified by TEM, which revealed BCPV-siRNA
nanocomplexes with a nanocapsule morphology and a particle size of 100 nm, which is fairly
comparable to that measured by DLS (Fig. 3.3b).

Figure 3.5 Fluorescence microscopy images (20×magnification) of MiaPaCa-2 cells treated with
different materials. Cell nucleus are stained with DAPI and rendered in blue, and the fluorescent
signal from the FAM labeled siRNA is rendered in green.
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After characterization, BCPV-siRNA complexes of different weight ratios were used for
cellular transfection, with the weight of siRNA fixed at 2.5 μg. Fig 3.5 shows the color coded
fluorescence images of MiaPaCa-2 cells treated with different formulations at 4 hour post
treatment. The siRNAs were labeled with fluorescent FAM and the signals were rendered in green
while the cell nuclei were stained with DAPI and color coded in blue. To obtain a positive control,
a commercialized siRNA transfection reagent Oligofectamine™ was introduced (Oligo-siRNA).
As shown in Fig. 3.5, no FAM signal was observed in the cells treated with free siRNAs of same
dosage and BCPV alone. For comparison, bright FAM signals could be observed in the cells
treated with BCPV-siRNA formulations of different weight ratios from 2:1 to 16:1 (Fig 3.5e-h).
This demonstrated that BCPV has successfully delivered siRNAs into the cells without rapid
degradation. A closer examination could find slight differences on the fluorescence intensities in
the BCPV-siRNA groups of various weight ratios. As the weigh ratios of BCPV-siRNA changed
from 2:1 to 8:1, the brightness of fluorescence gradually became stronger. When the weight ratio
increases to 8:1, comparable fluorescence intensities could be found between the BCPV-siRNA
formulation and the positive control of Oligo-siRNA.
To further quantify the transfection efficiency of siRNAs by BCPV, flow cytometry
analysis was used and the results are shown in Fig 3.6. For all the treatment groups, a reference
gate was chosen to identify the normal cell events (Fig 3.6a). Based on the intensity of the
fluorescent signals, all the gated events were divided into two populations of M1 and M2 (Fig
3.6b-h): M1 cells have low fluorescent signals from autofluorescence while M2 cells express
strong fluorescence from the FAM label. The transfection efficiency was defined as the fraction
of M2 which is normalized by the total gated events. Fig 3.6i summarizes the statistical data of
the results obtained from flow cytometry. It shows that the cells treated with free BCPV
(1.05±0.73%) and naked siRNAFAM (2.14±0.63%) have negligible fluorescent signals which are
similar to those of the blank control (0.35±0.01%). For comparison, the cells treated with BCPVsiRNAFAM have shown remarkably high transfection efficiencies of 96.69±1.16%, 96.52±1.40%,
and 96.15±2.19%, for weight ratio of 4:1, 8:1 and 16:1, respectively, which are comparable with
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the positive control group Oligo-siRNA (84.95±3.90%). In addition to the transfection efficiency,
the average fluorescent intensity was also recorded, which indicates the averaged siRNAs delivery
efficiency to cells. The result shows that although different weight ratios of BCPV share similar
transfection efficiency with the positive control, the averaged siRNAs delivery efficiency varies
for different BCPVs ratios. Since the siRNA loading capacity per BCPV is limited, there were

Figure 3.6 Transfection efficiency of MiaPaCa-2 cells evaluated by flow cytometry. (a) Dot plot of
cells. The cells in the R1 region were selected for evaluating the transfection efficiency. (b)~(h)
Statistical counts of cells treated with PBS, BCPV, siRNAFAM, Oligo-siRNAFAM, and
BCPV/siRNAFAM at different weight ratio of 4:1, 8:1 and 16:1, respectively. Accordingly, the
concentrations of BCPV are estimated to be 10, 20 and 40 µg/ml where the weight ratios of BCPVsiRNA complexes are determined to be 4:1, 8:1 and 16:1 respectively. (i) Quantitative evaluation of
the results from (b~h) showing the average fluorescent intensity and transfection efficiency of each
group. The average fluorescence intensity represents the FAM intensity from the labelled cells. The
transfection efficiency is defined as the ratio between the cell counts of M2 (transfected cell counts)
to M1+M2 (total cell counts). The relative values shown are means±SD, n=3 (*: P<0.01 compared to
Blank group, #: P<0.01 compared to the Oligo-siRNA group).
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excess amounts of free siRNAs in the 4:1 group left unconjugated, which eventually were
dissipated during the transfection process. Increasing the weight ratio of BCPVs led to a higher
concentration of the effective transfection complex BCPV-siRNA. As a result, the 8:1 group
shows a higher average fluorescent intensity than the 4:1 group. However, further increase of the
BCPVs weight ratio results in an insufficient siRNA loading per nanoparticle and consequently
there is no significant difference in the overall average fluorescent intensity between the 8:1 and
16:1 groups.

Figure 3.7 BCPVs protection of siRNA from serum degradation. (a) Residual siRNA after contact
with 50% human serum after specified periods of time; conducted with free siRNA, or siRNA loaded
on BCPV, all at room temperature with shaking, and (b) the corresponding siRNA quantification
using ImageJ software. The ability of BCPV nanoplexes to protect siRNA from nuclease degradation
by RNase enzymes was analyzed by measuring the remaining amount of siRNA after the incubation
of the BCPV-siRNA nanoplexes in FBS (50% in PBS buffer) containing digestive RNase for 0-48 h
at room temperature. Sodium dodecyl sulfate was further used to isolate the remaining siRNA after
the incubation, followed by electrophoresis on a 1.2% agarose gel to observe the fluorescence
intensity of the remaining siRNA. As in the previous experiments with BCPV-siRNA nanoplexes,
free siRNA was added using the same test procedures.

In order to assess the stability of BCPV-siRNA nanoplexes against nucleases, free siRNA
and BCPV-siRNA at 8:1 weight ratios nanoplexes were incubated with 50% FBS up to 48 h at
room temperature. As shown in Fig 3.7a, intact siRNA that survived the ribonuclease (RNase)
degradation could be identified by gel electrophoresis, and quantified based on its fluorescence
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intensity by image processing with the ImageJ software. In the absence of BCPVs, naked siRNA
was clearly degraded after 12 h and its half-life was approximately 18 h, indicating the instability
of naked siRNA against nuclease. On the contrary, there was no significant degradation of siRNA
in the BCPV-siRNA nanoplexes even after 48 h incubation, indicating that the siRNA was
protected by BCPVs, and remained stable for longer than 48 h (Fig. 3.7b).

Figure 3.8. Gene expression of K-ras in MiaPaCa-2 cells of different treatment groups. (a) Agarose
gel electrophoresis of K-ras relative expression. (b) Semi-quantitative relative gene expression of Kras after siRNA transfection of different treatment groups. The quantified gene expression level
based on its fluorescence intensity by image processing with the ImageJ software. The relative values
shown are means±SD, n=3 (*, P<0.01 compared to Blank group. #, P<0.01 compared to the OligosiRNA group)

To verify the knockdown efficiency of different formulations, the expression of mutated
K-ras gene was evaluated at the mRNA level through PCR. Using the housekeeping gene GAPDH
as reference, the mRNA levels of the mutant K-ras gene from different treatment groups were
extracted and normalized to the control group. As shown in Figure 3.8, the relative gene
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expression of mutant K-ras of the BCPV treated group and the free siRNA treated group share no
obvious differences with the blank control. In contrast, the BCPV-siRNA treated groups have
shown significant inhibition of K-ras gene transcription. Specifically, the groups with weight
ratios of 8:1 and 16:1 have shown similar knockdown efficiencies of 44.24±2.01% and
47.85±6.11%, respectively, comparable with the Oligo-siRNA treated positive control group
(46.67±6.23%), while the 4:1 weight ratio group has a slightly lower knockdown efficiency of
29.56±6.16%. This is because there were also unconjugated free siRNA in the 4:1 weight ratio
group as mentioned earlier. According to these results, a BCPV:siRNA weight ratio of 8:1 can
significantly inhibit the mutant K-ras gene expression in MiaPaCa-2 cells and this ratio was used
in the following experiments.
The monomeric ras family G proteins act as “molecular switches” linking extracelluar
signals to intracellular signals through membrane receptors. As GTPases, they cycle from a GDPbound “off” state to a GTP-bound “on” state in response to the activation from various receptors.
Activated ras targets a number of downstream effectors including Raf kinase, Phosphoinositide
3’-kinase (PI3-K) and RalGEFs to produce pleiotropic cellular effects that affect cell growth,
differentiation and survival[181]. The point mutation at codon 12 in the K-ras gene reduces the
intrinsic GTPase activity of the protein and lock the protein to the GTP-bound “on” state, which
leads to constitutive activation and eventually cancer progression [182, 183]. The inhibition of the
mutant K-ras expression has been reported to promote cell apoptosis [172, 174, 184, 185] and also
to inhibit cell proliferation [186, 187], migration [180] and invasion [175]. In this study, the
cellular activities of MiaPaCa-2 cells were systematically evaluated after the mutant K-ras gene
transfection by BCPV-siRNA complexes.
The Fig 3.9 shows that the proliferation of MiaPaCa-2 cells after treating with different
formulations. The BCPVs as well as the free siRNA treated groups have shown similar trends
with the blank control group where the cell population doubled after 24 hours and proliferated
four fold after 72 hours. In contrast, after the treatment with BCPV-siRNA, a significant inhibition
in the cell proliferation could be observed. The proliferation rate has been greatly altered by the
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successful delivery of siRNAs. In addition to the cell proliferation evaluation, the migration of the
cells after treatments was also assessed. As shown in Fig 3.10a, a scratch wound in the monolayer
cell culture of MiaPaCa-2 cells was generated for each of the different treatment groups. In the
non-treated blank group, a decrease in the window width could be clearly observed after 24 hours.
At 48 hours post treatment, the cells started to migrate to the open space in between the wound
margins as the window closed further and the previous

Figure 3.9 Proliferation of MiaPaCa-2 cells after treatment with different formulations. Cells were
first treated with BCPV, siRNA, BCPV-siRNA (the weight ratio is at 8:1) and Oligo-siRNA, then
continued to culture for 24h, 48h, and 72h. Cell viability was determined using the MTT cell viability
assay. Results are represented as means ±SD, n=3.

-ly straight wound boundaries became cluttered. After 72 hours, the wound had almost completely
healed, and the boundaries were hardly identified. Similar observations could be found in the
BCPVs and free siRNA treated groups. For comparison, a significantly suppressed healing process
was observed in the cells treated with the BCPV-siRNA complex or Oligo-siRNA. The decrease
of the window width was much slower than those in the other groups. More importantly, it took
the cells 72 h to migrate to the open space in-between the wound boundaries. It is reported that
the wound healing process in cell culture is caused by a combination of proliferation and migration
of cells in response to the disruption of cell-cell contacts and an increased concentration of growth
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factors [188, 189]. It is a commonly used method to study the cell migration and the underlying
biology [190, 191]. As shown in Figure 3.10b, the healing process of each group was further
quantified and expressed as the normalized percentage of the wound closure. It clearly shows the
difference between the BCPV-siRNA treated group and the other three groups, where the wound
in the BCPV-siRNA treated group closed at almost half the speed of the other three groups. These
results indicate that the gene expression regulation of mutant K-ras in MiaPaCa-2 cells mediated

Figure 3.10 Wound healing assay in MiaPaCa-2 cell culture treated with different formulations. (A)
Phase contrast microscope images (10×magnification) of the wound healing process monitored for
72 hours post treatment. (B) Quantitative evaluation on the percentage of window close after
treatment. The values were normalized to the initial wound window width.
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by the BCPV-siRNA complex have successfully changed the expression pattern of the
downstream gene associated with the cell proliferation and migration. Moreover, there is no
significant difference among the BCPV-siRNA and Oligo-siRNA group. Cell migration is a
complex process which can be viewed as a process regulated matrix-degrading proteinases,
integrins and other cell adhesion molecules [192]. It is a critical event in cancer progression and
especially metastasis [193]. The inhibition of the cell migration by silencing the mutant K-ras
gene in MiaPaCa-2 cells has provided a potential therapeutic way for the treatment of pancreatic
cancer.

Figure 3.11 Cell invasion assay based on a transwell chamber model of MiaPaCa cells after treatment
with different formulations. (a) Bright field microscope images (10×magnification) of cells that
penetrated through the Matrigel-coated membrane in the transwell chammber. Cells were stained
with trypan blue. (b) Quantitative cell counts on the cells penetrated through the Matrigel-coated
membrane. Each bar represents the average for the results from five random microscopic fields
under 20× magnification. Error bars indicate SD, *P<0.01 compared with Blank group, n=5.
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Metastatic tumors spreading to different distant organs are the primary cause of death in
pancreatic cancer. Metastasis is a complex and multi-step process which starts with the migration
and invasion of primary tumor cells to the adjacent tissue [194, 195]. As a result, the ability to
block the migratory and invasive capacity of cancer cells is a main approach to treat patients with
malignant cancer [196, 197]. To assess the change in the invasion capacity of MiaPaCa-2 cells
treated by different formulations, an in vitro Matrigel invasion chambers assay was conducted
[198, 199]. The main component laminin and type IV collagen of Matrigel has provided it the
structural and biochemical properties of basement membranes[200]. The capability of cells
penetrating through the membrane is a good measurement of their invasiveness and metastatic
potential [201]. As shown in Figure 3.11, the population of penetrated cells from the BCPVsiRNA and Oligo-siRNA treated group is significantly smaller than those of the other three control
groups. In the quantitative measurement, the normalized data show that the cells able to penetrate
through the matrigel in the BCPV-siRNA treated group is over 60% less than these in the blank
control group. These results clearly suggest that the knockdown of K-ras by BCPV-siRNA, but
not free siRNAs, could retard the invasion and subsequently the metastasis of pancreatic cancer
cells.
Finally, the apoptosis of MiaPaCa-2 cells treated with different formulations were assessed
by FITC labeled annexin V and propidium iodide (PI) staining. Annexin V has a high affinity for
the membrane phospholipid phosphatidylserine (PS), which is exposed to the external cellular
environment in apoptotic cells. It has been widely used as an early apoptosis indicator. PI is a vital
dye which will be excluded by viable cells with intact membranes. It is commonly used to label
the dead and damaged cells. As shown in Figure 3.12, after 72 hours treatment, the FITC and PI
positive apoptotic cell counts in the Q2 zone of the BCPV-siRNA treated group show a
conspicuous difference with the other three groups. The quantitative data indicates no significant
difference between the blank control group (17.19±2.72%) and BCPV (16.11±2.79%) or free
siRNAs (17.47±2.44%) treated groups, while the apoptotic cell population in the BCPV-siRNA
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treated group is doubled (37.52±3.15%). When compare to the Oligo-siRNA group
(32.67±4.11%), no statistically significant differences are observed for the BCPV-siRNA group.
To date, cancer therapy has entered a stage of personalized treatment where targeted gene
therapy is regarded as the most promising choice. As the K-ras mutation mainly occurs in the early
phase of pancreatic ductal carcinogenesis, the knockdown of the mutated K-ras gene at the early
stage of pancreatic cancer is of vital importance. However, the efficiency of knockdown largely
depends on the selection of proper carriers. Our findings demonstrated that the inactivation of the
mutated K-ras gene by BCPV-siRNA leads to a significant inhibition of cellular proliferation,
migration, invasion and anti-apoptosis in MiaPaCa-2 cells. To the best of our knowledge, this is

Figure 3.12 FITC Annexin V and Propidium Iodide (PI) co-stained apoptosis assay on MiaPaCa-2
cells treated with different formulations (Blank, BCPV only, siRNA only and BCPV-siRNA) at 72 h
post-treatment. (a) Apoptotic cells stained with Annexin V/PI were measured by flow cytometry. (b)
Late apoptotic cell counts in the upper right quadrant (Q2) of different treatment groups. Error bar
indicate SD, *P<0.01 compared with Blank group, n=5.
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the first report that demonstrates the comprehensive effects of K-ras gene knockdown on
pancreatic cancer cells mediated by biocompatible and biodegradable nanoparticle conjugated
siRNAs. According to these results, the BCPV-siRNA delivery system is far-reaching in gene
therapy for pancreatic cancer, which successfully overcomes some challenges in RNA
interference and will serve as a promising candidate for gene therapy in pancreatic cancer
treatment. Yet it is also worth noting that before entering into clinics, the stability in the
bloodstream, immunotoxicity, and metabolic pathways of BCPV-siRNA in vivo still need to be
carefully evaluated and its therapeutic effect in animal tumor models also needs to be assessed.

3.4 Conclusion
We have demonstrated the use of a biocompatible and biodegradable cationic polymerbased nanoparticle formulation for the delivery of siRNAs targeting the mutant K-ras oncogene
in pancreatic cancer cells. BCPVs are capable of preventing siRNA from degradation in the FBScontaining medium. We have shown that the expression of mutant K-ras gene was efficiently
suppressed through fluorescent imaging and quantitative flow cytometry assessment. In addition,
we have monitored the consequence of the K-ras inhibition in MiaPaCa-2 cells. Our results have
shown that the RNA interference process has initiated the change in the expression pattern of the
downstream gene that regulates the cell proliferation, migration and apoptosis. With an optimized
weight ratio between the nanocarriers and siRNAs, we have significantly reduced the growth,
migration, invasion of MiaPaCa-2 cells, and the apoptosis of the pancreatic cancer cells has also
been promoted. Taken together, all these in vitro results have demonstrated the great potential of
the BCPV in gene therapy of pancreatic cancer. We envision that it could serve as an excellent
nanocarrier platform for genetic materials in clinical settings of gene therapy.
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Chapter 4 Biodegradable polymer as a siRNA vector for gene
knockdown of BCR-ABL hybrid oncogene in human leukemia cell
line
First-line therapy of chronic myelogenous leukemia (CML) has always involved the use
of BCR-ABL tyrosine-kinase inhibitors which is associated with an abnormal chromosome called
Philadelphia chromosome. Although the overall survival rate has been improved by the current
therapeutic regime, however, the presence of resistance has resulted in limited efficacy. In this
study, RNA interference (RNAi)-based therapeutic regime is proposed with the aim to knockdown
the BCR-ABL hybrid oncogene using small interfering RNA (siRNA). The siRNA transfection
rates have usually been limited due to the declining contact probability among polyplexes and the
non-adherent nature of leukemic cells. Our work aims at addressing this limitation by using
biodegradable charged polyester-based vector (BCPV) as a nanocarrier for the delivery of BCRABL-specific siRNA to the suspension culture of K562 CML cell line. In this study, BCR–ABL
siRNAs were encapsulated in the BCPVs by electrostatic force. We observed that BCPV
successfully assisted in vitro siRNA transfection in the non-adherent K562 cells. As a
consequence of downregulation of BCR–ABL, BCPV-siRNA nanoplexes inhibited cell
proliferation and promoted cell apoptosis. More importantly, this class of non-viral vector exhibits
biodegradable features and negligible cytotoxicity, thus providing a versatile platform to deliver
siRNA to non-adherent leukemia cells with high transfection efficiency by effectively overcoming
extra- and intra-cellular barriers.

4.1 Introduction
Leukemia is one of the most aggressive cancer diseases which is mostly caused by
chromosomal translocations between chromosomes 9 and 22 that results in the fusion of BCR and
ABL genes to form an oncogenic hybrid gene, BCR-ABL [202]. The BCR-ABL chimeric protein
is known for its increased active tyrosine kinase activity which leads to oncogenic growth and
reduction of apoptosis [203-205], thus promoting CML. As reported in literature, activated
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tyrosine kinase activity plays an important role in abnormal proliferation of CML progenitors
including increased proliferation in progenitor culture, reduced adhesion to fibronectin, and
reduced chemotaxis to stroma-derived factor-1α [206]. Several critical phenotypic abnormalities
observed in primary CML cells, including larger myeloid colony-forming units and delayed
apoptosis are mainly caused by the overexpression of the BCR-ABL oncoprotein [207]. A BCRABL inhibitor, imatinib mesylate (or STI 571), an orally administered drug, has been widely used
for the suppression of BCR-ABL expressing cells and induction of apoptotic cell death. However,
various clinical reports have highlighted the induced resistance of CML cells to STI 571 [208212].
Due to increasing knowledge on molecular changes in CML, RNA interference (RNAi)
technology is becoming a promising approach since it can specifically target the mutated gene.
siRNA can induce sequence-specific silencing of target genes by complementary base pairing [10].
This new regime revolutionized the therapy strategies for combating various types of deadly
diseases like cancers [213, 214]. Although lots of potential targets have been recognized for gene
therapy in CML cells, a functional carrier is required for effective intracellular siRNA delivery as
a result of the anionic siRNA can’t traverse plasma membrane by itself. Electroporation is a
traditional physical method for siRNA delivery on Leukemia cells, and it can reach 26% reduction
of BCR-ABL gene expression on K-562 cell (Leukemia cell line). However, electroporation
method caused high cell death and cannot be used in vivo[215]. Viral vectors have been developed
for siRNA delivery of leukemic cells, but they have a potential bio-safety risk due to their capacity
to react with the host's genome and induce immune toxicity[216]. In general, commercially
available transfection agents and synthetic cationic polymers are safer alternative to viruses, such
as Lipofectamine2000TM, TransMessenger, polyethylenimine (PEI), poly-L-lysine (PLL) and
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA) can result in a high transfection
efficiency of about 70% in non-adherent leukemia cells [217-220]. The triblock copolymer
polybutadiene-block-poly(methacrylic acid)-blockpoly(2-(dimethylamino)ethyl methacrylate)
(BMAAD) that can form well-defined micelle structures has been reported to display superior
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transfection capabilities for adherent cells and human leukemia cells [221]. Recently, SNALPlike lipids with different compositions have been explored for siRNA transfection in suspension
cells, and the optimal composition of a SNALP-like lipid was determined based on its transfection
results [222]. However, its long-term physiological toxicity and transfection efficiency need to be
further assessed in vivo. Juliana et al. explored the efficacy of lipid-modified polyethylenimines
(PEIs) for siRNA delivery on K562 cells as a CML model[223]. The structural modifications of
lipid-substituted PEIs influenced the siRNA delivery efficiency. Palmitic acid (PA)-substituted
1.2 kDa PEI (~2 lipids/PEI) has proven to be highly efficient in delivery siRNA and silencing of
the reporter gene green fluorescent protein (GFP) and BCR-ABL fusion oncoprotein. Moreover,
when BCR-ABL protein was targeted in K562 cells, an induction of early and late stage apoptosis
was detected. Cell penetrating peptides (CPPs) which stretch up to 30 amino acids long were used
to deliver different carriers on various cells[224]. The cationic nature of CPPs has the ability to
translocate cell membranes through electrostatically bind to the phosphate backbone of siRNA to
form a stable complex in which siRNA can be protected from degradation. Arthanari et al.
provided evidence that the fusion complex of the HIV-Tat (a kind of CPP) and the membrane lytic
peptide (LK15), named as Tat–LK15, mediates high transfection efficiency in delivering siRNA
targeting the BCR–ABL fusion oncoprotein in K562 cells[225]. Additionally, silencing of the
BCR-ABL oncoprotein by Tat-LK15 is more efficient and longer lasting than that achieved using
Lipofectamine. Although acceptable transfection efficiency was obtained on these synthetic
delivery carrier, their long-term cytotoxicity, non-degradable properties, and lack of reactive sites
for further chemical modifications are still major concerns for further investigations for clinical
setting. Based on these reasons, biodegradable polymeric based carriers have been developed for
siRNA delivery in suspension cells.
Degradable cationic polymers with insignificant cytotoxicity have presented far-reaching
applications as gene carriers and were synthesized using step polymerization and living
polymerization techniques. In this study, BCPVs, safe and degradable cationic polymers, were
used as carriers of BCR-ABL siRNA for transfection into non-adherent BCR-ABL-expressing
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myeloblastic cell-line (K562) as depicted in Fig 4.1. The transfection efficiency of BCR-ABL
siRNA-loaded BCPVs, and cytotoxicity of BCPVs in non-adherent K562 cells were thoroughly
investigated. The gene silencing effect of BCPVs, both in FBS-present and FBS-absent cell
culture media have been presented and compared with Lipofectamine2000TM. The results
indicated that the downregulation of BCR-ABL oncoproteins by RNAi can lead to decreased
leukemic proliferation associated with enhanced cell-apoptotic effects in CML cells. These
significant findings highlight the potential of BCPV as an appropriate siRNA delivery vector for
leukemia cell line, and that BCPV may be further tailored as a novel drug formulation for siRNAbased leukemia treatment.

Figure 4.1 Overview of the BCPV-siRNA nanoplex formation and the ABL-BCR fusion gene
knockdown by siRNA transfection of leukemia cells.

4.2 Experimental Methods
4.2.1 Synthesis and characterization of BCPV-siRNA nanoplexes
The BCPV was synthesized by ring-opening polymerization (ROP) of allyl functionalized
lactide (LA) and L-LA monomers followed by a thiol-ene modification, as described in 3.2.1
section.
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4.2.2 Cell culture and siRNA transfection
The human CML cell line, K562, obtained from American Type Culture Collection
(ATCC), was grown in culture with Roswell Park Memorial Institute medium (RMPI, Hyclone),
supplemented with 10% fetal bovine serum (FBS, Hyclone), 100 U/ml penicillin (Gibco) and 100
μg/ml streptomycin (Gibco). Cells were cultured at 37 °C in a humidified atmosphere with 5%
CO2, and maintained routinely. MiaPaCa-2, PC-3, SMMC7721, T47D and T98G cell lines were
also purchased from ATCC, and maintained in DMEM culture medium. The other conditions for
culturing these cells were the same as K562. A custom-synthesized BCR-ABL siRNA was
obtained from Shanghai GenePharma Co., Ltd (Shanghai, P.R.China). The sense and antisense
sequences were as following – sense: 5’-GCAGAGUUCAAAAGCCCTT-3’; antisense: 5’GGGCUUUUGAACUCUGCTT-3’, in accordance with a previous report [226]. Negative control
siRNA

(NC-siRNA,

sense:

5’-UUCUCCGAACGUGUCACGUTT-3;

antisense:

5’-

ACGUGACACGUUCGGAGAATT-3’) was purchased from Sigma (All stars negative control,
Sigma, UK). K562 cells (1×104) were seeded in 6-well plates in the RMPI medium without
antibiotics (FBS) to give 30% - 50% confluence at the time of transfections. For experiments with
high levels of FBS, the culture medium was supplemented with 30% FBS, with other culture
conditions remaining the same as the normal culture process of K562 cells. The culture medium
was replaced with OPTI-MEM (Invitrogen) prior to transfection. BCPV-siRNA nanoplexes were
prepared (ratio 8:1) by mixing BCPVs with Cy3-labeled BCR-ABL-siRNACy3 (20 μl, 10 μм) or
NC-siRNACy3 (20 μl, 10 μм), and incubated for 20 minutes. The assembled nanoplexes were then
added to the 6-well plate wells and the cells were continuously cultured for eight hours. The
commercial transfection reagent Lipofectamine2000™ (Invitrogen) coupled-siRNACy3 (Lip2000siRNACy3) was used as a positive control. Additionally, blank K562 cells (Blank) and cells
transfected with free-siRNACy3 (siRNACy3) were also used as controls. Subsequently, parts of cells
were prepared for imaging under an inverted fluorescence microscope and flow cytometry for
detection of transfection efficiency. Transfection efficiency examination and fluorescence
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imaging were performed 8 hours post-treatment. The gene expression was monitored at 48 hours
post-transfection.
4.2.3 Cytotoxicity studies
K562 cells were seeded at a number of 5×103 cells per well in 96-well plates and allowed
to incubate for 48 h with different concentrations of BCPV. After incubation, cell viability was
measured in terms of cell counts, which was observed under the Eclipse Ti-U Inverted Microscope
System (Nikon, Japan) after 48 h under the BPCV environment. It should be highlighted here that
the conventional MTT assay for evaluating the cell viability could not be used in our experiments,
as the K562 CML cell line is essentially non-adherent, and it is not feasible to fix the cells on the
bottom of the wells. As a result, the MTT assay cannot be used for observing absorbance and
determining cell viability. Hence, the cell viability was obtained by normalizing the cell counts of
the sample well against that from the control well and expressed as a percentage of non-treated
cells (Blank).
4.2.4 siRNA transient transfection
For the visual inspection of the proportion of cells that may have succeeded in siRNA
transfection, in vitro fluorescence microscopy images were obtained using an Eclipse Ti-U
Inverted Microscope System (Nikon, Singapore). After 8 hours of incubation, the transfected cells
were washed with PBS twice, and fixed with 4% formaldehyde. Prior to imaging, the cells were
mixed with DAPI (Sigma) for nuclear counterstaining. Filter sets for DAPI (405/450 nm) and Cy3
(550/570 nm) were applied for cell imaging. (DAPI and Cy3 are fluorescent dyes that are
abbreviated forms of (4',6-diamidino-2-phenylindole) and Cyanine3 respectively.) Quantitative
determination of transfection efficiency of the K562 cells that were successfully transfected with
BCR-ABL siRNA was performed using flow cytometry. The cells were washed twice with PBS
and harvested by trypsinization. The samples were analyzed using a FACSCalibur flow cytometer
(Becton Dickinson, Mississauga, CA), using Cy3 as the luminescent marker. Transfection
efficiency was estimated in terms of Cy3-fluorescent intensity signal obtained from flow
cytometry results, and a statistical comparison of different groups was performed subsequently.
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4.2.5 Post-transfection gene expression analysis
After 48 hours of transfection, the BCR-ABL gene expression was detected by real-time
RT-PCR in terms of mRNA levels. First, total RNA was extracted from K562 cells using TRIzol
reagent (Invitrogen) and the amount was quantitated by a NanoDrop 1000 Spectrophotometer
(Wilmington, DE, USA). Next, 1 g of RNA was reverse transcribed to cDNA in a 20 µl reaction
mixture following the procedure described in a previous report [227] using the M-MLV reverse
transcriptase kit (Promega). The cDNA products were then used as templates for subsequent realtime PCR with gene-specific primers to determine the relative BCR-ABL mRNA expression level.
Specific

forward

and

reverse

primers’

CATTCCGCTGACCATCAATAAG-3’;
(housekeeping

endogenous

gene):

sequences

were

–

BCR-ABL:

5’-GATGCTACTGGCCGCTGAAG-3’,
5’-CCACCCCACTTCTCTCTAAGGA-3’

5’-

-actin
and

5’-

GATGCTACTGGCCGCTGAAG-3’, as mentioned previously by Valencia-Serna et al. [223] .
Real-time RT-PCR was performed using SYBR Select Master Mix (Invitrogen), with the
following cycling conditions: 94°C for 2 min, followed by 40 cycles of denaturation (95°C for 15
s) and an annealing/elongation step (60°C for 15 s). The difference in gene expression was
estimated as 2-CT, and the gene expression of BCR-ABL was normalized against the internal
control (-actin).
4.2.6 Antitumor effects assessment
All the transfected cell groups, control samples, blank and free-siRNA formulations were
incubated for 72 hours and counted under the microscope for estimation of cell proliferation. The
effect of BCPV-siRNA transfection on the induction of K562 cell apoptosis was realized by
Annexin V : FITC Apoptosis Detection Kit I (BD Pharmingen TM, BD Biosciences, Singapore)
according to the manufacturer. Briefly, approximately 1×106 K562 cells were seeded in a six-well
plate. Then, the cells were incubated for 72 hours after treatment with the BCPV-siRNA (8:1)
nanoplex and other formulations. The cells were then washed twice with cold PBS and
resuspended in binding buffer. The onset of the apoptosis process enables the FITC-labeled
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Annexin V to bind with phosphatidylserine (PS) as it externalizes from the inner boundary of the
cell membrane. The cell nuclei were stained with propidium iodide (PI). The stained cells were
analyzed by flow cytometry to determine the apoptotic cell count. Positive fluorescent intensity
signals for both FITC and PI were representative of the total apoptotic cell count.

4.3 Results and Discussion
RNAi technology, initiated by a double-stranded siRNA molecule targeting a sequencespecific gene at the post-transcriptional level, has attracted great interest for leukemia treatment
in the past decade [218, 228-230]. However, the application of RNAi for leukemia treatment faces
bottlenecks because siRNA is easily degraded and cannot cross the cell membrane by itself. For
these reasons, various nanoparticles have been developed as carriers to deliver siRNA into cells
and only few of them showed promising results, primarily for adherent cell lines. There were rare
reports that outlined desired siRNA transfection efficiency by nonviral transfection agents on the
suspension cells, such as K562, a model cell line of human leukemia. A major underlying reason
is the reduced contact probability between nanoplexes and cells due to 3D cultivation condition
as compared to the adherent cells [231]. Hence, designing polymers that can efficiently deliver
siRNA into suspension cells would accelerate the development of novel treatment for leukemia,
and even for acquired immunodeficiency syndrome (AIDS). Recently, we successfully
synthesized an outstanding polymer, BCPV, as a potential candidate for siRNA delivery in
pancreatic cancer cells and demonstrated high transfection performance on these adhesive cells
[14]. Following these studies, it would be worth exploring if BCPVs can overcome the challenges
of siRNA transfection in suspension cells.
BCPVs, a class of cationic polylactides, are synthesized by ring-opening polymerization
technique and thiol-ene click functionalization, where the mol fraction of charged moieties can be
precisely controlled for facilitating the loading of interested siRNA cargos. BCPVs interact with
negatively charged siRNA to form stable nanoplexes and the net positively charged-surface
facilitates endocytosis of resulting nanoplexes by interacting with the negatively charged cell
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membrane. The positive surface charge of BCPV enables siRNA to readily permeate the
negatively charged cell membrane of targeted cells. The aforementioned information
demonstrates that an optimum condition was obtained at the 8:1 weight ratio of BCPV-siRNA.
TEM images further proved this assertion, revealing the spherical morphology of the assembled
BCPV-siRNA nanoplexes. The capsule-like structure was assembled as the negatively charged
siRNA was encapsulated with positively charged BCPV molecule to form stable polyplexes
through electrostatic interaction. This encapsulation of BCPV-siRNA could provide continuous
release of siRNA over longer time periods and prevent siRNA degradation from hydrolase [4].

Figure 4.2 BCPV as an effective transfection agent for adherent cells. Various types of adherent
cancer cells, namely MiaPaCa-2 (pancreatic cancer), PC-3 (prostate cancer), SMMC7721
(hepatocellular carcinoma), T47D (ductal carcinoma), and T98G (glioblastoma multiforme) were
transfected by BCPV-siRNAFAM-siRNACy3. The appearance of green (FAM), red (Cy3) and yellow
colors (Overlay of FAM and Cy3) in the images obtained whit an inverted fluorescence microscope
(20×magnification) confirm the BCPV-assisted transfection of siRNA into these cell lines.
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Figure 4.3 Cytotoxic effect of BCPV on K562 leukemic cells. The cells were treated with different
concentrations of BCPV, and the intrinsic cytotoxicity was evaluated by counting cell numbers under
a microscope post 48 hours treatment with BCPV. Blank cells were untreated. Results are
represented as means ±SD, n=3.

Before challenging the suspension cells, we first investigated the capacity of BCPVs to
deliver siRNA into adhesive cell lines. FAM- and Cy3-labeled siRNA were mixed with BCPV at
8:1 weight ratio (where the weight of the siRNAs was fixed at 2.5 g) for 30 min, and were then
cultured with various adherent cancerous cell lines (MiaPaCa-2, PC-3, SMMC7721, T47D and
T98G) for 4 hours, following which they were observed under inverted fluorescence microscopy
to assess the ratio of transfected cells. Substantial and strong green (FAM), red (Cy3) and yellow
(overlay) fluorescence signals were observed, revealing the high transfection ratios of selected
cells (Fig 4.2) [14, 232]. Although the BCPVs have presented very high efficiency for siRNA
delivery in adherent cells, BCPV-assisted siRNA transection in non-adherent cells has not been
reported to date. K562 CML is a suspension cell line and represents a unique source of malignant
leukemic cells overexpressing the BCR-ABL oncogene due to t(9;22) chromosome aberrations
[233]. Hence, this is a perfect model to demonstrate a successful gene therapy of CML by
knockdown this fusion oncogene. Moreover, K562 CML cells are well known to be difficult-totransfect with current available non-viral carriers [222, 228, 234, 235]. Aggressive methods such
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as lentiviral vectors, lipid-based transfection regents and electroporation have been implemented
for the siRNA delivery in the K562 cells [228, 236, 237]. Herein, we propose BCPVs as
nanocarriers for BCR-ABL siRNA delivery into K562 cells. Prior to the complexation of BCRABL with siRNA, innate cytotoxic effects of BCPVs on K562 cells were evaluated by counting
the cell numbers under an inverted microscope (Fig 4.3). It was observed that more than 90% of
cells numbers were viable over a wide dosage range (up to 80 g/ml) 48 hours post treatment, and
no significant difference was observed among these groups. In addition, BCPVs also showed
negligible cytotoxicity even at dosages higher than 160 g/ml. The results indicated that BCPVs
are biocompatible and have insignificant cytotoxicity to K562 cells at a wide dosage range of
BCPV.

Figure 4.4 BCPV-assisted transfection of Cy3-labelled siRNA into K562 cells were observed under
inverted microscopic fluorescence (20×magnification). The Blank and siRNACy3 group show only
blue fluorescence, indicating the DAPI-stained cell nuclei without siRNA transfection. The BCPVsiRNACy3 and BCPV-siRNACy3+FBS, exhibit both blue and red fluorescence indicating siRNA
transfection (Cy3-stained) into the cells. The images are compared with the standard transfection
agent Lipofectamine2000TM (Lip2000-siRNACy3 and Lip2000-siRNACy3+FBS).
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Based on the previous experience on adhesive cells, the K562 suspension cells were
transfected with BCPV-siRNACy3 and other groups (Blank, free-siRNACy3, BCPV-siRNACy3, and
Lip2000-siRNACy3), and left for 8 h incubation. In the BCPV-siRNA group, the weight ratio was
fixed at 8:1, with the siRNA weight being 2.5 g. Because the total volume of one well was 1 ml,
20 g/ml of BCPV was chosen as a safe loading concentration. On the other hand, when compared
with the solid tumor treatment in which siRNA has to survive in the blood stream and go through
the complicated extracellular matrix before it can reach the tumor tissue, the treatment of leukemia
presents an obvious advantage as siRNA can be directly exposed to leukemia cells in the blood
vessels by intravenous injections. For mimicking the blood stream conditions, the K562 cells were
treated with BCPV in the culture medium with 10% FBS (the main component of serum), and the
attempts were denoted as BCPV-siRNACy3-FBS. To obtain a positive control, a commercialized
siRNA transfection reagent Lipofectamine2000TM was used under the same condition of FBS
(Lip2000-siRNACy3-FBS). The fluorescence microscopic images showed a relatively bright Cy3
fluorescence (red color) of BCPV-siRNACy3 and BCPV-siRNACy3-FBS in K562 cells, as
compared with the positive control groups (Fig 4.4), indicating that BCPVs can successfully
deliver siRNA into K562 cells, and prevent siRNA from rapid degradation by RNase present in
FBS medium. The un-transfected cell group (“Blank”) displayed only blue fluorescence arising
from the DAPI stained-cell nuclei.
To further quantify the transfection efficiency of the siRNAs by the BCPVs, flow
cytometry was employed to determine transfection efficiency of BCPV- and control-assisted
transfection in non-adherent K562 cells. Quantitative values regarding transfection in terms of the
Cy3-fluorescent signal strength were obtained by flow cytometry assessments (Fig 4.5a).
Extremely high transfection rates (Fig 4.5b) were obtained via BCPV-siRNACy3 (96.7±3.13%),
which was larger than that of Lip2000-siRNACy3 (88.46±2.42%). Notably, there also was a
significant difference in the average fluorescent intensity per cell count (Fig 4.5c) between the
BCPV-siRNACy3 (>46000) and Lip2000-siRNACy3 (3400) groups. These results indicate the
enhanced siRNA transfection efficiency of BCPV in non-adherent K562 cells. Additionally, the
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transfection efficiency of BCPV-siRNACy3+FBS (97.8±2.55%) was very close to that of BCPVsiRNACy3 (96.7±3.13%), implying that the transfection efficiency of BCPVs was not influenced
by the antibiotics in the cell culture medium. In contrast to BCPVs, Lip2000-siRNACy3+FBS
exhibited a considerably decreased transfection efficiency (52.67±0.83%) as compared with
Lip2000-siRNACy3 (88.46±2.42%), suggesting that Lipofectamine2000TM is quite sensitive to the
serum components and thereby weakened its gene delivery functions.

Figure 4.5 Estimation of transfection efficiency in K562 cells by flow cytometry. (a) Cell groups
treated with different formulations (siRNACy3, BCPV, BCPV-siRNACy3, BCPV-siRNACy3+FBS,
Lip2000-siRNACy3 and Lip2000-siRNACy3+FBS) whose fluorescent signal intensities showed positive
staining for Cy3-labeled siRNA were representative of siRNA transfection into the cells. The higher
fluorescent signals for groups BCPV-siRNACy3 and BCPV-siRNACy3+FBS indicate higher
transfection efficiencies. Blank cells were untreated. (b) Statistics of transfection efficiency. The ratio
of cells in P3 to the total P2+P3, yielded the transfection efficiency. (c) The average fluorescent signal
intensities resulting from (a), depicting the performance of BCPV as an outstanding transfection
agent for non-adherent leukemic cells. Results are represented as means±SD, n=3; *，P<0.05; **,
P<0.01.
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Figure 4.6 Downregulation of BCR-ABL mRNA post siRNA transfection. The cell groups were
treated with different formulations and the gene knockdown of the BCR-ABL oncogene was
evaluated by real time RT-PCR assay 48h post treatment. BCPV-siRNA-treated cell group showed
considerable gene suppression, down to 20%, compared to 51% in the case of commercial
transfection agent, Lipofectamine2000TM. These results correlate with the high transfection
efficiency of BCPV-siRNA nanoplexes. Results are represented as means±SD, n=3; **, P<0.01.

The efficacy of cancer gene therapy through RNAi mechanism is generally assessed by
the expression of the targeted mRNA. The BCR-ABL mRNA was targeted to be suppressed by
the exogenously-mediated siRNA. In this study, the treatments of K562 cell line with BCPVsiRNA and other control groups (Blank, free siRNACy3, BCPV, BCPV-siRNACy3+FBS, Lip2000siRNACy3 and Lip2000-siRNACy3+FBS) were subjected to RT-PCR 48 hours post transfection for
the quantitative determination of BCR-ABL mRNA levels. Fig 4.6 shows that all the negative
control groups including untransfected cells, BCPVs and free siRNA exhibit minimal effect on
knocking down BCR-ABL mRNA expression (100±11.58%, 100.35±17.36% and 93.25±8.47%),
suggesting that a potential vector is required for the uptake of therapeutic siRNA in K562 cells,
and subsequent gene silencing. In comparison with the positive control group Lip2000-siRNACy3
(51.38±8.07% mRNA expression), the BCPV-siRNACy3 group has demonstrated a substantial
enhancement in gene knockdown efficiency (21.83±7.14% mRNA expression) post transfection
(Fig 4.6). Additionally, the Lip2000-siRNACy3-FBS group demonstrated a significant decrease in
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the gene knockdown efficiency (75.7%±11.61 mRNA expression) due to the strong interference
by the FBS. In contrast to Lip2000-siRNACy3-FBS, the BCPV-siRNACy3+FBS group exhibited
30.7±8.54% mRNA expression, which describes the ability of BCPVs to withstand the reduced
knockdown efficiency caused by the presence of FBS in the culture medium.
The abnormal gene expression of BCR-ABL prevented leukemia cells from apoptosis and
promoted cell proliferation by activating the cell survival signaling such as STAT5 and Erk signal
pathway. In this study, the cellular activities of the K562 cells were systematically evaluated after
the downregulation of BCR-ABL mRNA expression post BCPV-siRNA transfection. We
examined the cell proliferation based on the total cell count 72 hours after transfection with
treatments of BCPV-siRNACy3 and other positive and negative control groups. As expected, the
cell count was considerably reduced to around 2.78104 by BCPV-siRNA Cy3 and to 3.23104 by
BCPV-siRNACy3+FBS (Fig 4.7), much lower than that inhibited by Lip2000-siRNACy3 (3.54104
and Lip2000-siRNA+FBS (4.9104).

Figure 4.7 Control of cell proliferation as a consequence of BCR-ABL oncogene suppression. The
cell groups were treated with different formulations and the cell numbers were counted under a
microscope post 72 hours of incubation. Consistent with the gene knockdown results in Figure 6,
BCPV-siRNA-treated cell group yielded the lowest cell count, revealing the efficient performance of
BCPV-assisted siRNA transfection in non-adherent leukemic cells. Blank cells were untreated.
Results are represented as means ±SD, n=3; *，P<0.05; **, P<0.01.
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The results showed that after treatments with BCPV-siRNA and BCPV-siRNA-FBS, the viable
cell percentages (relative to untreated cells) were decreased to 44.76% and 52.02%, while the
posttreatment Lip2000-siRNA and Lip2000-siRNACy3-FBS samples had 57.06% and 79.04%
viable cell percentages. Consequently, BCPV had a larger effect on suppressing the proliferation
of K562 cells than Lipofectamine2000TM due to its higher transfection efficiency. These results
demonstrate the active role of BCPVs (even in FBS) in transfecting more siRNA in the K562 cells,
which positively correlates to greater inhibition of cell growth, and considerable suppression in
cell proliferation.

Figure 4.8 Enhanced cell apoptosis as a consequence of high BCPV-siRNA transfection. (a) The cell
groups were treated with different formulations and subjected to Annexin V: FITC Apoptosis assay,
72 hours post treatment. Cells presenting higher fluorescent signals for both FITC and PI staining
in the flow cytometry micrographs were representative of the apoptotic cell count. (b) The BCPVsiRNA-treated cell group records the highest proportion of apoptotic cells. Blank cells were
untreated. Results are represented as means ±SD, n=3; **, P<0.01.
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Indicative results regarding the induction of apoptosis resulting from knockdown of BCRABL siRNA expression in K562 cells were assessed by FITC labeled Annexin V and Propidium
Iodide (PI) staining. As shown in Fig4.8a, the FITC- and PI-positive apoptotic cell counts in the
Q2 and Q4 zone represent the number of early apoptosis cells of BCPV-siRNA treated group and
other control groups. The quantitative data (Fig4.8b) indicate that all negative control groups,
including untransfected cells, siRNA and BCPVs, have no influence on induction of apoptosis.
However, BCPV-siRNA treatments (78.17% gene knockdown efficiency) result in 12.4%
apoptotic cells while Lip2000-siRNACy3 treatment (48.63% gene knockdown efficiency) exhibit
5% apoptotic cells. These results indicate that the cell apoptosis in K562 cells can be induced by
knockdown of mRNA expression, and the proportion of apoptotic cells is positively correlated
with the corresponding transfection efficiency. Moreover, in the presence of FBS, BCPVsiRNACy3-FBS and Lip2000-siRNACy3-FBS decreased their portions of apoptotic cells to 6.3%
and 2.6%, implying that the reduced gene transfection efficiency arising from FBS has a direct
effect on the decrease in apoptosis. The decrease in cell proliferation and apoptosis can be
attributed to a decrease in cyclin D expression as a direct consequence of BCR-ABL mRNA
silencing, which leads to cell cycle arrest in G1 phase [238]. The downregulation of the antiapoptotic BCR-ABL gene activates the required signaling components for re-opening of the
apoptotic pathway [239].
Previous reports stated fairly low transfection results for targeting BCR-ABL mRNA in
K562 suspension cells [217, 222, 228, 237]. In this report, we have demonstrated the knockdown
of BCR-ABL fusion oncogene by RNAi using BCPVs as vectors with outstanding siRNA
transfection efficiency, followed by subsequent inhibition of cell proliferation and induction of
cell apoptosis in K562 cells in vitro. This is the first report describing the use of BCPVs as vectors
to both transfect BCR-ABL siRNA into non-adherent K562 cells and induce gene silencing.
BCPVs possess numerous favorable material features, such as tunable charge density, low
cytotoxicity and high transfection efficiency, which all make them a very promising platform to
siRNA to non-adherent leukemia cells. Eventually, using RNAi technique for treating cancers
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can be more effective, more reliable and safer. Moreover, the discovered siRNA delivery
mechanism envisions a roadmap for accelerating RNAi-based therapeutic research for targeting
suspension blood cancer cells apart from solid tumors.

4.4 Conclusion
In conclusion, we have demonstrated that the biodegradable cationic polymers BCPVs can
interact and form stable nanoplexes with BCR-ABL siRNA, and efficiently transfect targeted
mRNA into non-adherent K562 leukemia cells with insignificant cytotoxicity. The transfection
and release of BCR-ABL siRNA from BCPV-siRNA nanoplexes have been confirmed through
fluorescent imaging and quantitative flow cytometry. High transfection rates of up to 96% have
been observed. As a consequence of transfection, the expression of BCR-ABL oncogene has been
downregulated considerably. Successful siRNA transfection and gene silencing has resulted in
inhibition of cell proliferation and induction of apoptosis process in the CML cell line. BCPVs
are postulated to contribute towards newer technologies to deliver siRNA in a non-toxic and
degradable way, rendering the RNAi phenomenon a more effective, bio-compatible, and
sustainable approach to gene-based cancer therapy. Our work presented a systematic study of
using BPCVs to transfect BCR-ABL siRNA in the non-adherent K562 leukemia cells. Moreover,
the results in this study can be regarded as a breakthrough for treating leukemia via gene therapy.
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Chapter 5 Biodegradable polymer for siRNA co-delivery strategy
increasing the chemo-sensitivity of pancreatic cancer cells to
Gemcitabine
For the treatment of pancreatic cancer, targeting only one mutant proto-oncogene by RNAi
is not sufficient to provide the desired therapeutic efficiency. Both the K-ras gene mutation and
the Notch1 over-expression that are common syndromes in pancreatic cancer patients, play a vital
role in regulating the drug resistivity of pancreatic cancer cells. In this study, biodegradable
charged polyester-based vectors (BCPVs) were synthesized for co-delivery of K-ras and Notch1
siRNA into MiaPaCa-2 cells to overcome the drug resistance to Gemcitabine (GEM), a first line
chemotherapeutic drug used in clinical therapies. BCPVs can effectively promote siRNA cell
internalization and endosomal escape. Through K-ras and Notch1 gene silencing in MiaPaCa-2
cells, BCPV-siRNAK-rassiRNANotch1 nanocomplexes effectively reversed the epithelialmesenchymal transition (EMT) in MiaPaCa-2 cells, thereby greatly enhancing the sensitivity of
MiaPaCa-2 cells to GEM. MiaPaCa-2 cell proliferation, migration, and invasion were effectively
inhibited, and cell apoptosis was also significantly enhanced by the synergistic antitumor effect
of BCPV-siRNAK-ras-siRNANotch1 nanocomplexes and GEM. These results suggest that this
combination RNAi therapy can be used to improve cancer cell sensitivity to chemotherapeutic
drugs

5.1 Introduction
The number of fatalities in patients with pancreatic cancer is almost equal to the number
of diagnosed patients [1]. Pancreatic cancer has a very poor prognosis, as most of the diagnosed
patients have metastatic or locally advanced cancer. The progression of pancreatic cancer is the
result of a series of genetic mutations, especially in the K-ras proto-oncogene and Notch1. The Kras mutation is the most frequently encountered pathogenic genetic variation, accounting for
approximately 95% of the gene mutations found in pancreatic cancer [240]. Accordingly, K-ras
has been considered an attractive target in the relevant gene therapy [14, 241]. However, directly
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targeting K-ras has not yielded the desired results in the clinical treatment of pancreatic cancer
and the therapeutic strategies have shifted from directly targeting K-ras to combinatorial gene
therapies. Notch1 signaling pathway is one such additional target, which plays an important role
in maintaining the neoplastic phenotype of Ras-transformed human cells [242]. The multiple
components of the Notch1 signaling pathway, including ligands, receptors, and downstream
targets, are upregulated in pancreatic cancer cells compared with normal tissue cells [243].
Previous studies have demonstrated that Notch1 signaling is activated during pancreatic cancer
development, indicating that Notch1 promotes the development of pancreatic cancer [242-244].
The epithelial-mesenchymal transition (EMT) plays an important role in the progression
of pancreatic cancer, and is responsible for the drug-resistant phenotype of cells in response to
chemotherapy [16]. When acquiring EMT characteristics, tumor cells lose the expression of cellcell contact proteins, such as -catenin and E-cadherin, and begin to express mesenchymal markers,
such as fibronectin and vimentin, which were also reported to promote cancer cell migration and
invasion [245-248]. Conversely, the epithelial phenotype in cancer cell lines results in less
invasive and migratory characteristics, and renders the cells more susceptible to
chemotherapeutics. The process of EMT reversal involves acquiring a reformatted of epithelial
cell-cell junction, actin cytoskeleton reorganization, and down-regulation of mesenchymal
molecular markers such as ZEB1, fibronectin, vimentin, and a-smooth muscle actin, and vimentin.
A reassembly of the cell-cell junction, including up-regulation and relocation of E-cadherin from
cell membrane to nucleus, results in the induction of EMT reversal [16, 249, 250]. It was reported
that Notch1 over-expression contributes to the acquisition of the epithelial-mesenchymal
transition (EMT) phenotype by pancreatic cancer cells, and EMT is associated with the
development of chemotherapy drug resistance, thereby resulting in tumor recurrence [251].
Moreover, Notch1 has an oncogenic function since induced coactivation of Notch1 and K-rasG12D
in mature acinar cells leads to a clearly higher number of pancreatic intraepithelial neoplasia
lesions than activation of K-rasG12D only. It should be noted that the sole expression of Notch1
without oncogenic K-ras is unable to induce acinar cell differentiation and pancreatic cancer
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development, indicating that activation of Notch1 only is not sufficient to promote
tumorigenesis[252]. Hence, co-delivery of K-ras and Notch1 siRNA for pancreatic cancer
treatment should be a promising strategy as both genes are significant tumor growth factors
capable of inducing pancreatic tumorigenesis [241, 251-257].
To date, although chemotherapy remains the most widely used clinical treatment for
pancreatic cancer, it does not effectively improve patient rate survival. In most cases,
chemotherapy failure can be attributed to drug resistance developed by the cancer cells.
Gemcitabine (GEM), an anticancer drug approved for pancreatic cancer treatment in 1997 based
on a randomized trial, functions by arresting cancer cells at the S-phase of the cell cycle and
inhibiting deoxyribonucleic acid (DNA) synthesis [258]. However, based on the clinical data, only
23.8% of patients treated with GEM have experienced satisfying therapeutic benefits. Patients
suffering from drug resistance to GEM have a median survival time of merely 6 months [259,
260]. To overcome the drug resistance, multidrug combinations including cisplatin, oxaliplatin,
and irinotecan, together with GEM, have been tested in pancreatic cancer clinical trials. The
antitumor efficacy of various drug combinations has been greatly improved based on the results
of phase II trials [261, 262]. Although combination therapies in the presence of GEM showed an
obvious improvement in their antitumor activity, there is still significant concern for the
emergence of chemotherapy drug resistance after a prolonged treatment.
RNA interference (RNAi) mediated by siRNA has recently emerged as a promising
therapeutic strategy for treating pancreatic cancer [12-16] that can also enhance the antitumor
activity of chemotherapy drugs by reducing drug resistance. Previous reports showed that the
delivery of functional siRNA via biodegradable lipid nanocomplexes can significantly improve
the chemo-sensitivity of colon cancer cell stem cells to paclitaxel [263]. Although the RNAi
technology has been demonstrated as a powerful tool for treating cancer by silencing the
expression of mutated genes, [7, 18], it is very difficult for naked siRNA, which is highly
hydrophilic, has a high molecular weight, and is negatively charged, to cross the phospholipid
bilayer of the cell membrane [9]. In addition, naked siRNA is susceptible to degradation from
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nucleases in the plasma, and thus, its half-life in the bloodstream is generally less than an hour [8,
26]. Naked siRNA that is rapidly filtered by the glomerulus can also be readily excreted from the
kidneys [11]. Consequently, the development of biologically safe and efficient siRNA delivery
carriers have attracted significant attention from the research community [27, 28]. A variety of
nanocarriers such as lipids, peptides, polymers, nanoparticles, and aptamers have been developed
for siRNA delivery. Despite the promising siRNA delivery results, these newly developed
nanocarriers are often limited by their high cytotoxicity and low transfection efficiency [7]. For
example, cationic polymers such as poly(L-lysine), poly(vinyl pyridine) and polyethylenimine,
have been frequently utilized as siRNA carriers. However, due to their high charge density and
non-biodegradability, such cationic polymers generally exhibit high cytotoxicity, which limits
their further clinical applications. As detailed in our previous work, biodegradable charged
polyester-based vectors (BCPVs) based on a cationic polylactide have shown great promise as
ideal siRNA nanocarriers, exhibiting high transfection efficiency, low toxicity, considerable
hydrolytic degradability, and biocompatibility for delivering therapeutic siRNA into leukemia
cells, a type of cancer cells well-known for being hard to transfect [264].
In this study, BCPVs were used as nanocarriers for the co-delivery of two kinds of siRNA
(K-ras and Notch1 siRNA) in order to overcome the multiple gene mutations in pancreatic cancer
cells, and to reduce drug resistance to GEM (Fig 5.1). In this study, BCPVs were used as a novel
nanocarrier for co-delivering K-ras and Notch1 siRNA into MiaPaCa-2 (pancreatic cancer) cells
at optimized conditions. The transfection efficiency of siRNA delivered by BCPVs was carefully
assessed by flow cytometry, imaging, and real-time polymerase chain reaction (PCR). Moreover,
the mechanism of siRNA release from the BCPV-siRNA nanocomplexes in the endosome was
elucidated. BCPV-siRNA delivery led to significant downregulation of K-ras and Notch1
expression. Furthermore, K-ras and Notch1 knockdown in pancreatic cancer cells not only
inhibited cell proliferation, migration, and invasion and induced cell apoptosis, but also enhanced
the sensitivity of MiaPaCa-2 cells to GEM by reversing EMT. The results demonstrate that
combinatorial therapy with gene knockdown and GEM treatment, exhibited more sustainable
94

antitumor activity than GEM or gene therapy alone. In conclusion, we showed thatBCPV-siRNAKras

-siRNANotch1 and GEM combinatorial therapy shows enhanced synergistic anti-cancer effects,

and provides a novel therapeutic strategy to treat pancreatic cancer effectively.

Figure 5.1 The roadmap in this chapter of the processed targeted/induced by the treatment suggested
and detailed in this section, which includes BCPV-siRNA nanocomplex formation, uptake process
and K-ras and Notch1 gene knockdown by siRNA transfection on pancreatic cancer cell.

5.2 Experimental Methods
5.2.1 Synthesis and characterization of BCPV-siRNA nanoplexes
The BCPV was synthesized by ring-opening polymerization (ROP) of allyl functionalized
lactide (LA) and L-LA monomers followed by a thiol-ene modification, in accordance with 3.2.1
section.

5.2.3 Transfection
A custom-synthesized NC-siRNA (sense: 5´-UUCUCCGAACGUGUCACGUTT-3´;
antisense: 5´-ACGUGACACGUUCGGAGAATT-3´) labeled with FAM or Cy3, and K-ras and
Notch1 siRNA were purchased from Shanghai GenePharma Co., Ltd. The sequence of K-ras
siRNA

(sense:

5’-FAM-GUUGGAGCUUGUGGCGUAGUU-3’;
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Antisense:

5’-

CUACGCCACAAGCUCCAACUU-3’),

and

that

of

Notch1

siRNA

(sense:

antisense:

AAGUGUCUGAGGCCAGCAAGAdTdT-3’;

5´5’-

UCUUGCUGGCCUCAGACACUUdTdT-3´) were determined as previously described [14, 265].
A BCPV (1 mg/ml) dispersion was mixed with siRNA at predetermined BCPV-siRNA weight
ratios, followed by gentle vortexing and incubation for 30 min. The mixture was then added to
cells, which were seeded onto 6-well plates (1 × 104 per well) in DMEM so as to achieve 30%–
50% confluence at the time of transfection, and the cells were cultured for 4 h. In a parallel
experiment, the same amount of free siRNA was used to transfect cells. The commercial
DharmaFECT 1 Transfection Reagent (Dharmacon) coupled with siRNAFAM and siRNACy3 was
used as a positive control. Gene expression was monitored 48 h post-transfection. To determine
the transfection efficiency, fluorescence imaging was performed 4 h post-transfection.
5.2.4 Transfection efficiency assessment
Four hours post-transfection, the cells were washed twice with PBS, fixed with 4%
formaldehyde, and incubated with DAPI (Sigma) for nuclear counterstaining. The cells were then
imaged in vitro with a fluorescence microscope (Eclipse-Ti, Nikon) with the filters set for DAPI
(excitation: 405 nm; emission bandpass filter: 450/50 nm), FAM (excitation: 488 nm; emission
bandpass filter: 525/50 nm) and Cy3 (excitation: 540 nm; emission bandpass filter: 605/50 nm)
imaging. We further evaluated BCPV-siRNA complex uptake by the cells by staining cells that
had been cultured with BCPV-siRNA complexes for different durations with LysoTracker Red.
The intracellular distribution of siRNAFAM and endosomes in MiaPaCa-2 cells was visualized with
an inverted fluorescence microscope. For the flow cytometry experiments, the cells were washed
twice with phosphate-buffered saline (PBS) and harvested by trypsin. Serving as a luminescence
marker, the FAM and Cy3 (filter set for FITC was applied for FAM, and the filter set for PE was
applied for Cy3) were used to determine the transfection efficiency in a quantitative manner. In
detail, the operating parameters of the flow cytometry were set for FAM (excitation at 488nm and
the emission was collected with a 530nm/30nm band pass filter), and Cy3 (excited with a 540nm
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laser and the emission was collected with a 610/20nm band pass filter). The samples were analysed
using a FACSCalibur flow cytometer (Becton Dickinson, Mississauga, CA).
5.2.6 Gene expression analysis
The total RNA was extracted from MiaPaCa-2 cells 48 h post-transfection using an
E.Z.N.AtM Total RNA Kit (OMEGA) and its amount was quantified spectrophotometrically with
a Nano-Drop ND-1000 as previously described [227]. Reverse transcription was conducted in a
20 μL reaction mixture and complementary DNA (cDNA) was synthesized from 2 μg total RNA
using a reverse transcriptase kit (Promega) according to the manufacturer’s instructions. The Kras and Notch1 mRNA expression levels were determined by real time PCR using the SYBR green
dye (Promega) in an ABI Prism 7500 Applied Biosystems system, and were normalized to the
expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH), one of the most
commonly used housekeeping genes for gene expression comparisons [42]. The primer sequences
used

for

the

different

genes

were

as

follows

[14,

255]:

K-ras

forward:

5´-

AGAGTGCCTTGACGATACAGC-3´ and reverse: 5´-ACAAAGAAAGCCCTCCCCAGT-3´;
Notch-1

forward

5´-CACTGTGGGCGGGTCC-3´

and

reverse

5´-

GTTGTATTGGTTCGGCACCAT-3´; GAPDH, forward 5´-ACCACAGTCCATGCCATCAC3´ and reverse 5´-TCCACCACCCT-GTTGCTGTA-3´.
5.2.7 Cell proliferation, invasion Assays, and cell apoptosis
The effect of BCPV-siRNA on MiaPaCa-2 cell proliferation was studied with an MTT
assay. The invasive capacity of MiaPaCa-2 cells after siRNA transfection or after different
treatments was tested with an 8.0-µm BD BioCoat Matrigel invasion Chamber Assay System (BD
Biosciences) according to the manufacturer’s protocol with minor modifications. Briefly,
MiaPaCa-2 cells were transfected with BCPV-siRNA for 48 h as described in section 2.5.
Subsequently, transfected MiaPaCa-2 cells (5 × 104) were seeded into the upper chamber of the
system in FBS-free medium. The bottom chamber of the system was filled with medium
containing 10% FBS as the chemoattractant. After 48 h, the cells in the upper chamber were
removed with swabs, and the cells that had invaded through the Matrigel matrix membrane were
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stained with 1% crystal violet in PBS for 30 min, and counted in 5 random fields of view under a
microscope. The apoptosis assay was conducted using the FITC annexin V Apoptosis Detection
Kit I (BD PharmingenTM) according to the manufacturer’s instructions. Briefly, MiaPaCa-2 cells
were seeded in a 6-well plate (approximately 1 × 106 per well), and were treated with BCPVsiRNA (weight ratio 8:1) for 48 h. The cells were then collected, washed twice with cold PBS,
and suspended in Binding Buffer. Subsequently, the externalization of phosphatidylserine was
measured. The cells were stained with FITC labeled annexinV and PI. The stained cells were
analyzed by flow cytometry to determine the apoptotic cells.
5.2.8 Cell colony formation assay
MiaPaCa-2 cells were seeded in a 6-well plate (1 × 105 per well). After 24 h, the cells were
treated with different formulations for 24 h, harvested by trypsinization, and 1,000 single viable
cells were mixed with 0.3% agarose and 10% FBS, and plated in 35 mm Petri dishes that were
pre-coated with 0.6% agarose. The cells were then incubated for two weeks to form colonies,
which were stained with Giemsa-staining, and counted under an inverted microscope.

5.3 Results and discussion
In recent years, many attempts aiming at improving the survival rate of patients with
pancreatic cancer have not yielded the expected results [1]. Therefore, the development of novel
and effective treatment strategies to combat pancreatic cancer in the clinic has attracted significant
attention [134, 156, 157, 266-268]. RNAi therapy has emerged as a new modality to treat cancer
diseases by virtue of their specified targeting to mutated genes and low adverse effects [268-270].
However, naked siRNA, without a carrier, is difficult to cross the cell membrane and enter the
cytosol, and this is a major hindrance in RNAi therapy. Therefore, we synthesized BCPVs as
carriers for intracellular siRNA delivery, based on a biodegradable polymer, vial ring-opening
polymerization and thiol-end click functionalization based on our previous study [14]. BCPVs
had negligible cytotoxicity to various cell lines and can be used in large amounts as siRNA
delivery carrier. Before as carrier of two kinds of siRNAs, the stability of BCPV-siRNA
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nanocomplexes were firstly judged by monitoring the size change in a FBS solution via DLS (Fig
5.2). When comparing with the unchanged size of BCPV-siRNA nanocomplexes in deionized (DI)
water at 3h, the size of the BCPV-siRNA nanocomplexes increased by 53 nm in 5% FBS solution,
by 68 nm in10% FBS solution, and by 84 nm in 50% FBS solution.

Figure 5.2 Stability of BCPV-siRNA nanocomplexes different solutions (DI water; 5%, 10%, and
50%FBS of PBS Buffer).

We speculate that the initial size changes of the BCPV-siRNA nanocomplexes is the result of the
absorption of free ions and proteins in the FBS-PBS buffer solution. After 3 h, the size of BCPVsiRNA nanocomplexes remained constant in different solutions. No obvious changes were
observed up to 48h.
As siRNA carrier, it has been suggested that BCPV-siRNA nanocomplexes may have
additional functions that allow them to overcome several intracellular barriers affecting the
success of RNAi treatment. These functions are related to the amount of siRNA the cells can
uptake, the unpacking of siRNA, and the escape from the endosomal compartments to the cytosol,
which is generally considered as one of the most challenging barriers for effective siRNA
transfection. Accordingly, the cell uptake process and intracellular kinetics of BCPV-siRNA
nanocomplexes were analyzed in MiaPaCa-2 cells. The cells were incubated with BCPV99

siRNAFAM nanocomplexes at an 8:1 weight ratio for the specified times, and were then stained
with LysoTracker Red. Fig 5.3 shows the intracellular distribution of BCPV-siRNAFAM
nanocomplexes in MiaPaCa-2 cells observed with an inverted fluorescence microscope. After 0.5
h, siRNAFAM (shown in green) was mostly located in the cell membrane, and was separated from
intracellular endosomes (shown in red). After 1 h incubation of BCPV-siRNAFAM with MiaPaCa2 cells, a punctuated pattern of siRNAFAM staining was observed in the cytoplasm, which
completely correlated with the endosomes, displaying yellow fluorescence as a result of
overlapping between the red and green fluorescence from the LysoTracker Red and siRNAFAM

Figure 5.3 siRNAFAM release from BCPV-siRNAFAM nanocomplexes in the lysosome. Microscopic
images (40×magnification) of MiaPaCa-2 cells treated with BCPV-siRNAFAM for different time
intervals. The weight ratio of BCPV and siRNAFAM are fixed at 8:1, and the concentration of BCPV
is 40 µg/ml. The lysosomes were stained with LysoTracker Red.
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, respectively. After 4 h incubation, the green fluorescence that spread throughout the cell started
to be distinctive from the red fluorescence (endosomes), as seen in the overlap image, indicating
that part of the siRNAFAM could escape from the endosomes to the cytosol, although the remaining
siRNA was still observed in the endosomes. The separated green fluorescence could be observed
for up to 12 h, indicating that the escape process of siRNA was maintained for a relatively long
time. After 24 h incubation, no green fluorescence was detected in the cells, and only red
fluorescence was observed, suggesting that the delivered siRNA has already performed its
function. The imaging results show clearly the endosomal entrapment and endocytosis of BCPVsiRNAFAM nanocomplexes. The release of siRNAFAM from BCPV-siRNAFAM nanocomplexes in
the lysosome was also demonstrated, and we found that BCPV-siRNAFAM nanocomplexes can
effectively disassemble in the lysosomal environment. Moreover, the slow partial separation of
green fluorescence from red fluorescence suggests that BCPVs are capable of effectively aiding
siRNA release from endosomal compartments. This release could be attributed to the protonsponge effect that renders cationic nanocomplexes capable of rupturing intracellular endosomes
[55]. As a result of such siRNA escape mechanisms aided by carriers, most of the intracellular
siRNA can be involved in RNAi instead of being degraded by hydrolases in the lysosomes.
Based on the above results, the capacity of BCPVs to deliver two kinds of siRNA with
different fluorescence labels into MiaPaCa-2 cells was investigated. BCPVs (40 µg/mL) were
mixed with FAM- and/or Cy3-labeled siRNA at an 8:1 weight ratio (BCPV-siRNACy3, BCPVsiRNAFAM, and BCPV-siRNAFAM-siRNACy3 groups) or a 16:1 weight ratio (BCPV-semisiRNAFAM-siRNACy3 group) for 1 h, and were then incubated with MiaPaCa-2 cells for 4 h.
Subsequently, the cells were observed under an inverted fluorescence microscope to assess the
transfection efficiency. Fig 5.4 shows the color-coded fluorescence images of MiaPaCa-2 cells
treated with the different formulations. The commercialized transfection reagent DharmaFECT
served as a positive control. Strong green (siRNAFAM), red (siRNACy3), yellow (overlay of
siRNAFAM and siRNACy3), and blue (cell nuclei stained with DAPI) fluorescence signals were
observed in all MiaPaCa-2 cells. Moreover, the bright green and red signals observed in cells
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treated with the BCPV-siRNAFAM-siRNACy3 formulation, reached levels similar to those of cells
treated with DharmaFECT-siRNAFAM-siRNACy3. Thus, BCPVs showed a high capacity to
simultaneously deliver two kinds of siRNA into cells. It should be noted that FBS was not
deliberately removed from the medium before the addition of the BCPV-siRNA nanocomplexes.
This revealed that the cells can be directly transfected with BCPV-siRNA nanocomplexes in the
presence of FBS, thus indicating once more that BCPVs can protect siRNA from rapid degradation
by RNases present in FBS. In contrast, most commercial transfection reagents do not perform
satisfactorily when applied in the culture medium without first removing FBS. Thus, the use of
BCPVs can greatly simplify the transfection protocol.
In order to quantify the transfection efficiency of BCPV-siRNA nanocomplexes on MiaPaCa-2
cells, flow cytometry was employed. The fluorescence intensities obtained by flow cytometry are
shown in Fig 5.5a. Based on the intensity of the fluorescence signals, all gated events were
classified into four populations: Q1, Q2, Q3, and Q4, where cells in Q3 show low autofluorescence
signals, cells in Q1 show strong Cy3 fluorescence signals, cells in Q4 show strong FAM
fluorescence signals, and cells in Q2 show a strong overlay between the FAM and Cy3
fluorescence signals. The statistical analysis from the results presented in Fig. 5.5a is summarized
in Figs. 5.5b and 5.5c. All BCPV-siRNAFAM, BCPV-siRNACy3 and BCPV-siRNAFAM-siRNACy3
groups exhibited a high transfection efficiency and strong fluorescence intensity resulting from
FAM and/or Cy3, to levels comparable to those of the DharmaFEC-siRNAFAM-siRNACy3 group.
The BCPV-semi-siRNAFAM-siRNACy3 group showed reduced FAM and Cy3 fluorescence
intensities than the BCPV-siRNAFAM-siRNACy3 group. This is due to the fact that the amount of
siRNA in BCPV-siRNAFAM-siRNACy3 was doubled than that in BCPV-semi-siRNAFAMsiRNACy3. The blank group (naked siRNAFAM and siRNACy3) showed negligible fluorescence
intensity. These results indicate that BCPVs can effectively delivery siRNA into cells, and they
are consistent with the results presented in Fig 5.4.
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Figure 5.4 BCPVs as an effective transfection agent for pancreatic cancer line, MiaPaCa-2.
MiaPaCa-2 cells were transfected by BCPV-siRNAFAM-siRNACy3. The observance of green (FAM),
red (Cy3), Blue (DAPI) and yellow (overlay of FAM and Cy3) colors in the images obtained by an
inverted fluorescence microscope (20×magnification) confirm the BCPV-assisted transfection of
siRNA. The amount of siRNAFAM and siRNA Cy3 in the BCPV-semi-siRNAFAM - siRNA Cy3 group
(2.5µg siRNA) is respectively equivalent to half of BCPV-siRNAFAM-siRNACy3 group (5µg siRNA).

The aggressiveness of pancreatic cancer is partly due to its extrinsic and intrinsic drug
resistance. Therefore, there is an urgent need for a novel therapeutic strategy to treat pancreatic
cancer that can overcome drug resistance. K-ras and Notch1 expression is believed to be important
for carcinogenesis [242, 252]. K-ras mutations are present in nearly every pancreatic cancer, and
K-ras activation is an initiating event in pancreatic cancer. Although therapies targeting K-ras
have so far failed to yield beneficial results in the clinic, identifying and targeting K-ras pathways
is still of great interest for pancreatic cancer treatment [256]. Notch1, a downstream mediator of
K-ras signaling, is responsible for maintaining the neoplastic phenotype of Ras mutant cells [242,
253]. Notch1 signaling acts synergistically with K-ras to promote pancreatic cancer initiation and
progression. In particular, sustained activity of Notch1 is essential for maintaining the phenotype
of Ras mutant cells [242, 252, 271, 272]. Hence, we aimed at delivering simultaneously Notch1
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and K-ras siRNAs into pancreatic cells, and evaluating the applicability of this novel combination
therapy for pancreatic cancer treatment.

Figure 5.5 Transfection efficiency of siRNAFAM and/or siRNACy3 on the MiaPaCa-2 cells were
evaluated by flow cytometry: (a) Statistical counts of the cells treated with different formulations,
which include siRNAFAM alone, siRNACy3 alone, BCPV-siRNAFAM, BCPV-siRNACy3, BCPV-semisiRNAFAM-siRNACy3, BCPV-siRNAFAM-siRNACy3, and DharmaFECT-siRNAFAM-siRNACy3. BCPVsemi-siRNAFAM-siRNACy3 group contains semi dose of siRNAFAM and siRNACy3 compared to BCPVsiRNAFAM, BCPV-siRNACy3, and BCPV-siRNAFAM-siRNACy3 group. The fluorescence signal
intensities showing positive staining FAM-labeled siRNA and/or Cy3-labeled siRNA were
representative of siRNA transfection into the MiaPaCa-2 cells. Blank cells were untreated. (b)
Statistical calculation results of transfection efficiency. For the siRNAFAM transfection efficiency, it
is defined as the ration between the cell counts of Q4+Q2 region to total cell counts (Q1+Q2+Q3+Q4).
For the siRNACy3 transfection efficiency, it is defined as the ration between the cell counts of Q1+Q2
region to total cell counts. (c) The average fluorescence signal intensities resulting from (a), which
present the siRNA amount uptake by MiaPaCa-2 cells. The relative values shown are the mean ±SD,
n=5 (*, P<0.01, comparing between two groups).
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Figure 5.6 BCPV-siRNA nanocomplexes mediated gene silencing in MiaPaCa-2 cells. The K-ras and
Notch1 mRNA level were analyzed by Real-Time PCR. Graph was plotted after normalizing with
the gene expression intensity of GAPDH.

Figure 5.7 Proliferation of the MiaPaCa-2 cells after treatment with different formulations. Cells
were first treated with BCPVs alone, BCPV-siRNAK-ras, BCPV-siRNANotch1, BCPV-semi-siRNAK-rassiRNANotch1,

BCPV-siRNAK-ras-siRNANotch1,

and

DharmaFECT-siRNAK-ras-siRNANotch1,

then

continued to culture for 72 h. The cell viability was determined using MTT cell viability assay. The
results are represented as mean ±SD, n=5.
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Figure 5.8 Enhanced cell apoptosis as a consequence of high BCPV-siRNA transfection. (a) The cell
groups were treated with different formulations and subjected to Annexin V: FITC Apoptosis assay,
72 h post treatment. In order to exclude the cell debris, the cell dots in the P1 region were select for
evaluating the cell apoptosis. Cells presenting higher fluorescence signals for both FITC and PI
staining in the flow cytometry micrographs were representative of the apoptotic cell count. (b) The
BCPV-siRNA-treated cell group records the highest proportion of apoptotic cells. Blank cells were
untreated. Results are represented as means ± SD, n = 3; **, P < 0.01.
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Continuing from our previous results, we found that BCPVs could effectively deliver siRNA
into cells, and such siRNA could be released from endosomes to the cytosol via the proton-sponge
effect. To verify the performance of the released siRNA on regulating gene expression via RNAi,
a series of gene-related experiments was conducted. Fig 5.6 shows the gene knockdown efficiency
of different BCPV-siRNA formulations on MiaPaCa-2 cell as assessed by real-time PCR. Both
K-ras and Notch1 expression levels were significantly decreased after treating the cells with
BCPV-siRNAK-ras-siRNANotch1, BCPV-semi-siRNAK-ras-siRNANotch1, and DharmaFECT-siRNAKras

-siRNANotch1. The latter two groups exhibited a similar knockdown efficiency for Notch1 and

K-ras genes in MiaPaCa-2 cells, indicating that the transfection efficiency of BCPVs is
comparable to that of commercial transfection agents for the same amount of siRNA. However,
more effective downregulation of Notch1 and K-ras was observed with BCPV-siRNAK-rassiRNANotch1 than with BCPV-semi-siRNAK-ras-siRNANotch1, suggesting that the gene silencing
efficiency is correlated with the siRNA amount. Moreover, the results indicate an inter-influence
between K-ras and Notch1 was observed because BCPV-siRNAK-ras not only inhibited K-ras gene
expression, but also downregulated Notch1 gene expression. However, downregulation of Notch1
by BCPV-siRNANotch1 did not influence K-ras gene expression. These results indicate that K-ras
is upstream of the Notch1 signaling pathway. For the BCPV-only group, no obvious changes in
K-ras and Notch1 expression were observed.
According to previous reports, the K-ras and Notch1 genes are associated with cell growth,
invasion, and apoptosis of pancreatic cancer cells [242]. However, the synergistic effect of these
two genes on the growth of pancreatic cancer cells has never been investigated. Hence, the
proliferation of MiaPaCa-2 cells after being treated with different BCPV-siRNA formulations was
studied. Fig 5.7 shows that the group treated solely with BCPVs did not show any differences
from the blank group. In contrast, an obvious inhibition of cell proliferation was observed after
treatment with the BCPV-siRNAK-ras formulations. In particular, BCPV-siRNAK-ras-siRNANotch1
had a more pronounced effect in inhibiting pancreatic cancer cell proliferation than BCPVsiRNAK-ras. The inhibition efficiencies of BCPV-siRNAK-ras–siRNANotch1 and DharmaFECT107

siRNAK-ras-siRNANotch1 were 65% ± 8.9% and 62% ± 10.2%, respectively, indicating that BCPVs
performed as well as DharmaFECT. In addition to the evaluation of cell proliferation evaluation,
cell apoptosis and cell invasion were also investigated after treatment with the various
formulations. As shown in Fig 5.8 and 5.9, the inhibition efficiency of BCPV-siRNAK-rassiRNANotch1 for cell apoptosis and cell invasion was 23.5% ± 1.58% and 77.2% ± 5.1%,
respectively. These values are not significantly different from those observed with DharmaFECTsiRNAK-ras-siRNANotch1, and are remarkably higher than those observed with the other
formulations. These results indicate that co-delivery of K-ras and Notch1 siRNAs by BCPVs has
a more pronounced effect on inhibiting cell growth, invasion, and inducing apoptosis.

Figure 5.9 Cell invasion assay based on a transwell chamber model of the MiaPaCa-2 cells after
treatment with different formulations. (A) Bright field microscope images (20×magnification) of the
cells that penetrated through the Matrigel-coated membrane in the transwell chamber. The cells
were stained with Giemsa staining. (B) Quantitative cell counts of the cells that penetrated through
the Matrigel-coated membrane. Each bar represents five random microscopic fields under 20X
magnification. Error bars indicate the SD, *P < 0.01 compared with the blank group, n =6.
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Figure 5.10 Cell proliferation assay shows that repressing expression of K-ras and Notch1 together
increased the sensitivity of MiaPaCa-2 cells to GEM.

Drug resistance associated with the treatment of pancreatic cancer was thought to be a major factor
causing high mortality. GEM, one of the most commonly used chemotherapeutic drugs for
pancreatic cancer treatment, has offered some relief for the patients over the past two decades
[260, 262]. By inhibiting DNA replication and inactivating ribonucleotide reductase, GEM can
inhibit cancer cell growth. However, pancreatic cancer treatment by the combination of GEM with
other therapeutic agents has not been successful in terms of increasing overall patient survival
[273]. After assessing the influence of BCPV-siRNAK-ras-siRNANotch1 on cell growth, we also
investigated its therapeutic effect on reducing drug resistance of MiaPaCa-2 cells to GEM.
MiaPaCa-2 cells were first treated with different BCPV-siRNA formulations, followed by the
addition of various GEM concentrations for 96 h. The cell proliferation index was assessed by the
MTT assay. As shown in Fig 5.10, MiaPaCa-2 cell sensitivity to GEM was clearly enhanced after
treatment with BCPV-siRNANotch1, BCPV-semi-siRNAK-ras-siRNANotch1, and BCPV-siRNAK-rassiRNANotch1 nanocomplexes. Particularly, cells co-incubated with BCPV-siRNAK-ras-siRNANotch1
and GEM at different concentrations (250, 500, 1,000, and 2,000 nM) had a higher inhibition
efficiency (71% ± 6.6%，78% ± 8.2%，85% ± 6.9%，and 92% ± 4.1%) on cell proliferation
than treatment with GEM only (12% ± 2.1%，16% ± 1.9%, 23% ± 1.8%, and 28%± 1.7%).
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Moreover, treatment with BCPV-siRNANotch1 and BCPV-semi-siRNAK-ras-siRNANotch1 also
increased the sensitivity of cells to GEM. However, the efficacy was much lower than that
observed with BCPV-siRNAK-ras-siRNANotch1 treatment. Accordingly, it was found that
downregulation of K-ras and Notch1 expression enhanced the sensitivity of MiaPaCa-2 cells to
GEM, thus leading to an improved efficiency in inhibiting the cell growth. To correlate the
enhanced growth inhibition effect with the induction of apoptosis, the apoptosis of MiaPaCa-2
cells simultaneously treated with GEM and BCPV-siRNAK-ras-siRNANotch1 was measured with a
FITC-labeled annexin V and PI staining kit. The results presented in Fig 5.11 show that, compared
to treatment with GEM only, BCPV-siRNAK-ras-siRNANotch1 induced a higher apoptosis level at
all studied GEM concentrations. These data are consistent with the results shown in Fig 5.10.

Figure 5.11 FITC Annexin V and Propidium Iodide (PI) co-stained apoptosis assay on the MiaPaCa2 cells treated with different concentration of GEM and/or BCPV-siRNAK-ras-siRNANotch1
formulations at 96h post-treatment. (A) Apoptotic cells stained with Annexin V/PI were measured
by flow cytometry. (B) Apoptotic and dead cell counts in the quadrant (Q1+Q2+Q4) of different
treatment groups. Error bars indicate the SD, *P < 0.01 compared between groups, n=5.
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Figure 5.12 The morphology of MiaPaCa-2 cells changed from fibroblastoid to epithelial-like
appearance after different formulations treatment were observed under phase contrast microscope
(10×magnification). For each cell well, the GEM concentration was fixed at 500 nmol/ml, and BCPVsiRNAK-ras-siRNANotch1 nanocomplexes was fixed at 8:1 weight ratio with 40g/ml BCPVs, 2.5g/ml
siRNAK-ras and 2.5g/ml siRNANotch1.

Figure 5.13 Real-time RT-PCR was used to quantify ZEB1 and E-cadherin mRNA expression in
BLANK and BCPV-siRNAK-ras -siRNANotch1 treated MiaPaCa-2 cells. Error bars indicate the SD *, P
< 0.01, compared with BLANK groups, n=3.

As was detailed in instruction, the presence of the EMT phenotype in pancreatic cancer
cells accounts for the drug resistance displayed by most of the pancreatic cancer patients, and also
contributes to the high mortality rate associated with pancreatic cancer. Therefore, reversing the
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EMT induced phenotype can be a novel strategy to enhance the sensitivity of pancreatic cancer
cells to anticancer drugs. Bin et al. reported that high Notch1 activation contributed to the
acquisition of an EMT phenotype in pancreatic cancer cells. By activating mesenchymal cell
markers, such as miR-200c, let-7a and let-7c, the resulting forced overexpression of Notch1
enhanced cell growth, migration, and invasion in various pancreatic cells lines [244]. The
MiaPaCa-2 cell line showed typical EMT characteristics, including an elongated fibroblastoid
shape, high invasion capacity, and resistance to GEM [244, 249]. Hence, the morphological
changes of MiaPaCa-2 cells treated by BCPV-siRNAK-ras-siRNANotch1 were assessed
microscopically. As shown in Fig 5.12, the 48 h post-transfection, the morphology of MiaPaCa-2
cells treated with BCPV-siRNANotch1, BCPV-semi-siRNAK-ras-siRNANotch1, and BCPV-siRNAKras

-siRNANotch1 was partially changed from an elongated fibroblastoid shape to an epithelial

cobblestone-like appearance, and the growing cells appeared to be in close proximity with each
other. However, upon treatment with BCPV-siRNAK-ras, these phenotypic changes were not
observed. The results indicate that downregulation of Notch1 gene expression is critical for the
reversal of the EMT phenotype in MiaPaCa-2 cells, whereas the decreased expression of the Kras gene plays a major role only in the inhibition of cell proliferation rather than the reversal of
the EMT phenotype. Based on these results, we propose that the increased sensitivity of MiaPaCa2 cells to GEM observed upon treatment with after BCPV-siRNANotch1 and BCPV-siRNAK-rassiRNANotch1 results from the EMT reversal.
To further confirm whether BCPV-siRNAK-ras-siRNANotch1-treated MiaPaCa-2 cells
underwent an EMT reversal process, we determined the expression of markers of epithelial and
mesenchymal phenotypes by real-time PCR. The experimental method is as described in 5.2.6
section. Primers of ZEB1 and E-cadherin were designed with reference to previous report [274]
(ZEB1:

For,

5’-TTCAAACCCATAGTGGTTGCT-3’,
E-cadherin:

TGGGAGATACCAAACCAACTG-3’;

Reverse,
Forward,

5’5’-

CCCACCACGTACAAGGGTC-3’, Reverse, 5’- CTGGGGTATTGGGGGCATC-3’). We found
that significant reduction in ZEB1 expression was observed in BCPV-siRNAK-ras-siRNANotch1
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treated MiaPaCa-2 cells (Fig 5.13). Meanwhile, a significant increase in the transcription level of
E-cadherin was observed in BCPV-siRNAK-ras-siRNANotch1 treated MiaPaCa-2 cells. The changes
in the expression profile of these two factors suggest that BCPV-siRNAK-ras-siRNANotch1
nanocomplexes have indeed successfully induced EMT reversal in pancreatic cancer cells.

Figure 5.14 Wound healing assay in MiaPaCa-2 cell culture treated with different formulations. (A)
Phase contrast microscope images (10×magnification) of the wound healing process monitored for
96 h post-treatment. (B) Quantitative evaluation on the percentage of the wound window closed after
treatment, the values were normalized by the initial wound window width.
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Figure 5.15 Cell invasion assay based on a transwell chamber model of the MiaPaCa-2 cells after
treatment with different formulations. (A) Bright field microscope images (20×magnification) of the
cells that penetrated through the Matrigel-coated membrane in the transwell chamber. For each cell
well, the GEM concentration was fixed at 500 nmol/ml, and BCPV-siRNAK-ras-siRNANotch1
nanocomplexes was fixed at 8:1 mass ratio with 40 g BCPVs, 2.5 g siRNAK-ras and 2.5 g
siRNANotch1. The cells were Giemsa-stained. (B) Quantitative cell counts of the cells that penetrated
through the Matrigel-coated membrane. Each bar represents five random microscopic fields under
20 times magnification. Error bars indicate the SD, *P < 0.01 compared between the groups, n=5.
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For pancreatic cancer patients, metastasis, a complex process that initiates the invasion of the
primary cancer cells to the adjacent tissue, is a primary cause of death. Hence, MiaPaCa-2 cell
migration and invasion following co-treatment with BCPV-siRNAK-ras-siRNANotch1 and GEM were
investigated. As shown in Fig 5.14, using a pipette tip, a scratch wound was created in a monolayer
of MiaPaCa-2 cells treated with the different formulations. For the non-treated group, it was observed
that 84% ± 6.6% of the wounded area was healed after 72 h and the previously straight boundary lines
would became unclear as a result of cells migrating to the open space between the wound margins.
Following treatment with GEM only, a wound healing of 68 ± 4.7% was observed. On the contrary,
co-delivery of K-ras and Notch1 siRNA by BCPVs significantly suppressed the healing process, and
only 43% ± 6.7% of the wound recovered. Noticeably, the slowest wound healing was observed upon
simultaneous treatment with BCPV-siRNAK-ras-siRNANotch1 and GEM, where only a wound healing
of 12% ± 4.2% was observed. This was a result of the downregulation of K-ras and Notch-1 gene
expression, leading to an increased sensitivity of MiaPaCa-2 cells to GEM. These results suggest that
the treatment with BCPV-siRNAK-ras-siRNANotch1 and GEM all combined together could significantly
inhibit MiaPaCa-2 cell migration. To evaluate the inhibitory effect of this combination treatment on
MiaPaCa-2 cell invasion, the Matrigel invasion chamber assay was utilized to investigate the invasive
potential of MiaPaCa-2 cells after being treated with different formulations. As shown in Fig. 5.15,
cells co-treated with BCPV-siRNAK-ras-siRNANotch1 and GEM showed a lower level of penetration
through the Matrigel-coated chamber membrane than cells treated with the other formulations.
Although the BCPV-siRNAK-ras-siRNANotch1 treatment yielded a 66 ± 7.3% inhibition efficiency on
cell invasion, this value was still lower than that observed after co-treatment with BCPV-siRNAK-rassiRNANotch1 and GEM (89% ± 4.1%). These results clearly indicate that our proposed combination
treatment could synergistically inhibit cell invasion, and subsequently suppress the distal migration
of pancreatic cancer cells.
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Figure 5.16 Colony formation assay of MiaPaCa-2 cells were treated with different formulations, K-ras
and Notch1 silencing enhance GEM’s repression of the cancer cell colony formation. (a)
Photomicrographs of Giemsa-stained colonies of MiaPaCa-2 cells growing in 35 mm cell culture dishes.
(b) The number of cells per field under microscope (4×magnification) in each colony of MiaPaCa-2 cells
was counted and normalized to that of the BLANK group. (c, d) The size of colonies as assessed under
microscope.

In the following experiments, we also examined the synergistic effect of BCPV-siRNAK-rassiRNANotch1 and GEM co-treatment on MiaPaCa-2 cell clonogenicity. The four groups (BLANK,
GEM only, BCPV-siRNAK-ras-siRNANotch1 and BCPV-siRNAK-ras-siRNANotch1+GEM) were cocultured with MiaPaCa-2 cells for two weeks to form colonies. As shown in Fig. 5.16, the number
and size of MiaPaCa-2 cell colonies treated with BCPV-siRNAK-ras-siRNANotch1 and GEM were
116

clearly reduced compared with all the other groups. These results suggest that the downregulation of
K-ras and Notch1 gene expression promotes the sensitivity of MiaPaCa-2 cells to GEM, thereby
inhibiting cell colony formation. Based on the great improvements demonstrated in our study, we
propose that the formulation developed here will serve as an effective candidate for pancreatic cancer
therapy. Although there are several other issues that need to be addressed, particularly in the case of
in vivo studies, such as the bio-distribution, immunotoxicity, and the metabolism of the nanoparticles
in vivo, the in vitro findings in this study lay an important groundwork in providing meaningful
information to guide future investigation in gene silencing-based pancreatic cancer therapy.

5.4. Conclusions
In this study, we developed BCPVs which encapsulate siRNA via electrostatic interactions and thus
prevent its degradation in FBS-containing medium. The interaction between BCPVs and siRNA was
the primary factor in the formation of stable extracellular nanocomplexes, while the BCPVs facilitated
the siRNA release in the cytosol via the proton-sponge effect. We also showed that BCPVs can
intracellularly deliver siRNA effectively. Learning on the excellent performance of BCPVs in siRNA
delivery, we further designed and created BCPV-siRNAK-ras-siRNANotch1 nanocomplexes for
overcoming drug resistance in pancreatic cancer. BCPV-siRNAK-ras-siRNANotch1 nanocomplexes
effectively silenced the expression of the K-ras and Notch1 genes, induced cell apoptosis, and
inhibited cell migration and proliferation. Most importantly, through the reversal of EMT in
MiaPaCa-2 cells, BCPV-siRNAK-ras-siRNANotch1 enhanced the sensitivity of MiaPaCa-2 cells to GEM,
and thus significantly improved the therapeutic effect of GEM. This combination therapy greatly
inhibited proliferation, invasion, migration, and colony formation of MiaPaCa-2 cells, and enhanced
cell apoptosis. In conclusion, we believe that based on the above results, this combination therapy
through the use of BCPVs as siRNA carriers is a promising method for treating pancreatic cancer. To
translate this technology to the clinic, future studies will have to focus on the use of BCPVs in in vivo
gene silencing applications.
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Chapter 6 Biodegradable polymer hybrid graphene quantum dots
nanocomplex for synergetic chemo-gene therapy of pancreatic cancer
The K-ras mutation is one of the major mechanisms for pathogenesis, drug resistance and
recurrence in pancreatic cancer. A new strategy to overcome pancreatic cancer is to use co-delivery
of siRNA together with a chemotherapy drug to silence the mutation gene expression. In this study,
nitrogen-doped graphene quantum dots (GQD) functionalized by biodegradable charged polyester
vectors (BCPVs) were used as a platform for simultaneous Doxorubicin (DOX) and siRNAK-ras
delivery combined with NIR light-mediated biomolecules release. The functionalized-graphene
quantum dots with BCPV allows co-loading DOX and siRNA by π−π interaction and electrostatic
binding. After treatment with GQD/DOX/BCPV/siRNA nanocomplex, the proliferation, migration
and invasion of pancreatic cancer cells were obviously suppressed, and the cell apoptosis was also
promoted. The photothermal properties of the GQDs endow the enhanced intracellular release of
DOX and siRNA from the nanocomplex under irradiation with near-infrared (NIR) laser light, thus
enhanced the therapeutic effect. These results indicate the nitrogen-doped GQDs can be considered
as a novel PTT agent, simultaneously allowing cell imaging and drug remotely control-release by
NIR.

6.1 Introduction
Despite the huge effort and resources being channeled into pancreatic cancer research, the
mortality rate of pancreatic cancer has not shown significant improvement, and it moved from the
fourth to the third deadliest cancers in 2016, with yearly increased 53,070 new pancreatic cancer
cases diagnosed and 41,780 deaths associated with pancreatic cancer in U.S.A alone [1, 275]. The
high mortality rate is associated with K-ras gene mutation in over 90% of pancreatic cancer, resulting
in rapid disease progression, high invasion, angiogenesis and resistance to chemotherapy[276]. DOX
(doxorubicin) has been the first line drug for pancreatic cancer treatment, functions by disabling
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Topoisomerase II, which is responsible for the synthesis of nucleic acids during the breaking and
resealing of DNA strands during the replication process, leading to cell apoptosis. However, it is
difficult to achieve the desired therapeutic effect through treatment with DOX only in most cases due
to drug-resistance and systemic toxicity due to the toxic effects by the nonspecific distribution of anticancer drugs [3]. Hence, new treatment strategies for pancreatic cancer are imperatively and urgently
needed. RNAi (RNA interference) is an effective method to inhibit K-ras oncogene expression by
targeted cleavage of mRNA (messenger RNA) in pancreatic cancer cells [268]. However, the
application of siRNAs faces a series of challenges. Naked siRNA is large molecular weight,
negatively charged and degraded easily by RNase. Without a carrier, siRNA cannot penetrate the
phospholipid bilayer of cell membrane by itself. A well-defined nano-carrier with low biological
toxicity and highly biocompatible that is capable of effectively co-deliver DOX and K-ras siRNA into
cells is a promising strategy for pancreatic cancer treatment. Graphene quantum dots (GQDs), which
feature low cytotoxicity and high surface to volume ratio for easy conjugation with biomolecules,
have great potential as a multifunctional nano-carrier [138, 277-279]. It has been reported that GQDs
are excellent agents for loading hydrophobic drug molecules via π−π interaction between aromatic
regions of the GQDs and drug molecule [280]. For constructing the multifunctional GQDs carriers,
the selection of proper biocompatible molecules is important. PEI (polyethylenimine), which has a
high positive charge, has been widely used to modify the charge properties of nanoparticle to form
drug and gene co-loading layer by layer structure [281]. Nevertheless, PEI faces some serious
drawbacks, such as long-term toxicity and the fact that it is non-degradable under normal biological
aqueous conditions [282]. The possibility to reduce PEI toxicity by PEGylation is a mature and
effective approach. However, PEGylation requires a dedicated study to find out and choose the best
PEG structure and molecular weight, the number of chains to link per molecule and the coupling
chemistry, which greatly increase the difficulty of manufacturing [46]. To combat these concerns,
BCPVs have been reported in our previous study as an outstanding biodegradable siRNA carrier with
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negligible cytotoxicity [283], but its potential in modifying nanoparticles for better cellular uptake
that leads to efficient intracellular drug release and possible additional therapeutic approach has not
been explored.

Light as an external stimulus offers a great opportunity to release a drug in a controllable
manner at a desired time and in a desired area, which is crucial for boosting drug efficacy in cancer
treatment while minimizing side effects [284, 285]. PTT (photothermal therapy) and PDT
(photodaynamic therapy) have attracted much interest in recent years as minimally invasive
techniques to destroy cancerous cells without damaging surrounding healthy tissues [286, 287]. The
photothermal properties of nanoparticles, such as Au nanorods (NRs), Au nanoparticles (NPs) and
azobenzene have been used to trigger the release of biomolecular cargos of nanoparticles through
near infrared (NIR)-induced hyperthermia [288-290]. These stimuli-responsive drug reservoirs can
effectively respond to external triggers by changing their physical or chemical properties in order to
regulate the movement of the pharmaceutical cargo [284]. NIR laser emitting in the 650 – 900 nm
range provide an optimal affect as their wavelengths have deep tissue penetration with much less
damage to the living tissues and biological specimens involved. The release of drugs encapsulated
within the nanoparticles can be controlled and enhanced by the NIR energy. For example, Liu et al.
reported the use of NIR to trigger the release of drug doxorubicin (DOX) from mesoporous silicacoated nanoparticles in a controllable manner [291]. Although MSNs-based drug delivery systems
have been proven effective, MSNs don’t have intrinsic fluorescent properties which limits their
application in bio-imaging. Additionally, MSNs have no photothermal properties unless used in
conjunction with other molecules and nanoparticles. Recently, Ge et al. demonstrated that GQDs can
be used as PDT agents by produce O2 via a multistate sensitization process, simultaneously allowing
imaging and providing a highly efficient cancer therapy. However, the high O2 generation yield of
GQDs was achieved only in the visible light region [292]. To overcome this issue, it is highly
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desirable to develop NIR remote-controllable GQDs-based system which can be used in cancer
treatment, which has not been well addressed and remains a great challenge. Under 790 nm NIR
irradiation, our fabricated nitrogen-doped GQDs can convert optical energy to heat and act as a
photothermal therapy (PTT) agent. The nitrogen-doped fluorescent GQDs with photothermal
property not only can serve as a nanocarrier and photothermal agent capable of converting optical
energy to heat effectively under NIR irradiation allowing to trigger siRNA and DOX release to
improve the therapeutic effect, but can also be used as bio-imaging agent in cellular
microenvironments. Despite the wide use of NIR light as a considerable part of the advanced
therapeutic strategies, the exploration of the use of NIR light based on GQD for synergistic chemogene-phototherapy has not yet been demonstrated to the best of our knowledge.
In this study, we report the synergistic treatment of pancreatic cancer with functionalized
GQDs which serve as a multifunctional platform for simultaneous drug and siRNA delivery combined
with NIR light-triggered release (Fig 6.1). Negatively charged nitrogen-doped GQDs were
successfully synthesized through the hydrothermal method with citric acid as the precursor and urea
as the nitrogen source. The well-defined BCPVs were synthesized by ring-open polymerization and
thiol-ene functionalization. The tertiary amine groups grafted on biodegradable polylactide backbone
endowed the BCPVs with positive charge. Then, the GQDs were functionalized in a step-by-step
manner with DOX, BCPV, and siRNA to form a mult ifunctional co-delivery system. Firstly, the low
molecular weight hydrophilic positively charged DOX was grafted onto the negatively-charged sheetlike GQDs by electrostatic and π-π stacking interaction. Secondly, a facile procedure was used to
functionalize BCPVs onto the GQDs/DOX (negative charge) via electrostatic interaction. The
introduction of BCPVs not only endowed GQDs with biocompatibility, stability and low cytotoxicity,
but also rendered them with positive charge which favorably interacts with siRNA molecules for
easily assimilation by cells.
nanocomplexes

(positively

Finally, the siRNA was gently mixed with GQD/DOX/BCPV
charged)

to

form
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multifunctional

GQD/DOX/BCPV/siRNA

nanocomplexes. The delivery efficiency of DOX and siRNA by GQDs was evaluated on the
pancreatic cancer cell line, MiaPaCa-2. Based on the NIR-enhanced DOX and siRNA release from
GQDs nanocomplexes, the synergetic treatment effect of GQDs/DOX/BCPV/siRNA nanocomplexes
on pancreatic cancer was investigated.

Figure 6.1 Schematic illustration of synthesis of GQD/DOX/BCPV/siRNA as NIR triggered gene and
drug co-delivery system for efficient pancreatic cancer therapy.

6.2 Experimental Methods
6.2.1 Synthesis and characterization of nitrogen-doped GQD
The nitrogen-doped GQDs were synthesized using a hydrothermal method described
earlier[293, 294], using citric acid as the precursor and urea as the nitrogen source. Briefly, 9 g of
urea ((NH2)2CO, Sigma Aldrich) and 6 g citric acid (C6H8O7, Sigma Aldrich) were dissolved in 100
ml ultrapure water at room temperature under stirring at 500 rpm for 5 minutes. The hydrothermal
process was conducted in a stainless-steel autoclave with an inner Teflon liner for 4 h at a maintained
temperature of 140oC. The pressure of the autoclave was maintained at about 1.5 to 2 MPa during the
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whole duration of the hydrothermal process. To investigate the intrinsic crystal structure, transmission
electron microscopy (JEM-3000F, JEOL, Tokyo, Japan) was used while the optical properties of the
GQDs were analyzed using a Shimadzu UV-2450 spectrophotometer and Fluorolog-3
spectrofluorometer (Edison, NJ USA), obtaining absorption and PL spectra respectively. The zeta
potential of the particles was measured using a Brookhaven 90Plus (Brookhaven Instruments
Corporation).
6.2.2 Synthesis and characterization of biodegradable charged polyster-based vectors (BCPV)
To prepare BCPVs, a precursor of allyl functional polylactides (APLAs) needs to be first
synthesized via ring-opening polymerization (ROP). Briefly, allyl functional lactide (ALA, 800 mg;
4.7 mmol; 35 eq), lactide (LA; 676 mg; 4.7 mmol; 35 eq), benzyl alcohol (BnOH; 14.5 mg; 0.134
mmol; 1 eq) and 4-dimethylaminopyridine (DMAP; 65.3 mg; 0.536 mmol; 4 eq) were introduced to
a 10 mL polymerization flask, followed by adding 2 mL of dry dichloromethane (DCM). Sequentially,
the temperature of the flask was controlled at 35oC using an oil bath. The polymerization reaction
time was controlled for 7 days, at which the conversion of the ALA and LA monomers was higher
than 90%. After the reaction, the resulting products were precipitated from cold methanol to remove
the unreacted monomers and catalysts, followed by the analysis of 1H-NMR. The 1H-NMR result
indicated the APLA had a molecular structure of poly(ALA0.43-co-LA0.57)64. Subsequently, the APLA
was converted to BCPVs through thiol-ene click functionalization. First, poly(ALA0.43-co-LA0.57)67
(100 mg; [ene]0 = 0.277 mmol; 1 eq), 2-(diethylamino)ethanethiol hydrochloride (DEAET; 140 mg;
[SH]0 = 0.831 mmol; 3 eq) and 2,2’-Dimethoxy-2-phenylacetophenone (DMPA; 28.2 mg; 0.110
mmol; 0.4 eq) were introduced in a 10 mL reaction flask, followed by adding 3 mL of chloroform to
dissolve all the reactant. Such reactant feeding amount led to the molar ratio of [ene]0:[SH]0 being
equal to 1:3 in the reaction. Then, the flask was exposed to UV light (wavelength λmax = 365 nm; 6
W; 0.12 A) for 30 min. After the UV irradiation, the resultants were dialyzed against acetone (MW
cut-off: 3.5 kDa) to remove any unwanted impurities. After the dialysis, BCPVs were obtained and
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characterized by 1H-NMR to acquire their charge density. The result showed that the BCPV had a
charge density of 43% relative to the PLA backbone.
6.2.3 Conjugation and characterization of GQD/DOX/BCPV/siRNA nanocomplexes
There are 3 stages of conjugation in the formation of the GQD/DOX/BCPV/siRNA
nanocomplexes. In the first stage, GQDs are mixed with DOX for 24 hours. Next, the GQD/DOX
nanocomplexes were dialyzed against ultrapure DI water for 48 hours. The loading efficiencies of the
GQD/DOX were determined by measuring the absorbance of the GQD/DOX nanocomplexes
followed by comparing the obtained absorbance spectra with the characteristic absorbance spectra of
GQDs and DOX. In the second stage, the dialyzed GQD/DOX nanocomplex formulation was mixed
with BCPV at different weight ratios for 1 hour. In the last stage of conjugation, different weight
ratios of GQD/DOX/BCPV and siRNA were mixed for 30 minutes before being analyzed using
agarose gel electrophoresis. The zeta potential was analyzed using a Brookhaven 90Plus (Brookhaven
Instruments Corporation), while the particle size of the GQD/DOX/BCPV/siRNA nanocomplexes
were observed using TEM.
6.2.4 Cell cytotoxicity assessment
Human pancreatic cancer cells MiaPaCa-2 (pancreatic cancer cell line) as well as Panc-1
(pancreatic cancer cell line), A549 (Lung cancer line), HepG2 (Hepatocellular carcinoma cell line)
obtained from American Type Culture Collection were used in this study. The cells were maintained
in culture with Dulbecco’s Modified Eagle’s Medium (DMEM, Hyclone), supplemented with 10%
fetal bovine serum (FBS, Hyclone), 100 units/ml of penicillin (Gibco) and 100 µg/ml of streptomycin
(Gibco) with a 37oC, humidified atmosphere containing 5% carbon dioxide as described previously
[268]. According to previous experience [13, 156], four different cell lines, namely A549, HepG2,
PANC1 and MiaPaCa-2 cells, were seeded in 96-well plates with a cell count of 5 x 103 per well,
leaving them to adhere for 24 hours. The cells were treated with different concentrations of GQDs
and BCPVs for 48 hours. The cell viability was measured using a 3-(4,5-dimethylthiazol-2-yl)-2,5124

diphenyltetrazolium bromide (MTT) assay kit. The cell viability was obtained by normalizing the
absorbance of the sample well against that from the BLANK well and was expressed in terms of
percentage. The non-treated cells were assigned with 100% viability.
6.2.5 Transfection efficacy
One day before transfection, MiaPaCa-1 cells were seeded onto 6-well plates in DMEM
medium with 10% FBS to give 30%-50% confluence at the time of transfection. K-ras siRNA (sense:
5’-FAM-GUUGGAGCUUGUGGCGUAGUU-3’;

Antisense:

5’-

CUACGCCACAAGCUCCAACUU-3’)) was mixed with GQD/DOX/BCPV nanocomplexes with a
gentle vortex and left to rest for 1 hour. Then, the above GQD/DOX/BCPV/siRNA nanocomplexes
were then added into the 6-well plates and left for incubation for 6 hours. Then, some of the cells
were imaged using an inverted fluorescence microscope (Nikon Eclipse-Ti). Naked GQDs,
GQD/BCPV, DOX, GQD/DOX/BCPV, GQD/BCPV/siRNAFAM were used in a separate parallel
experiment at the same dosage level. The gene expression was monitored using quantitative real-time
PCR at 48 hours post-transfection and western blot at 72 hours post-transfection. A Nikon Eclipse-Ti
inverted microscope were used to capture in vitro fluorescence images. After four hours of incubation
with GQD/DOX/BCPV/siRNAFAM nanocomplexes, the transfected cells were washed thrice with
PBS followed by fixation with 4% formaldehyde. Subsequently, the cells were incubated with DAPI
(sigma) for nuclear counterstaining. The filter for the inverted microscope was set for GQDs
(excitation at 405 nm and the emission was collected with a 450/50 nm band pass filter), FAM
(excited with a 488 nm laser and the emission was collected with a 525/50nm band pass filter) and
DOX (excited with 540 nm and emission was collected with a band pass filter 605/50 nm). The
fluorescence intensity was determined using a FACScalibur flow cytometer (Becton Dickinson,
Mississauga, CA). The cells were first washed with phosphate-buffered solution (PBS) trice before
harvested by trypsinization. To quantify the fluorescence intensity, GQD, FAM and DOX served as

125

the luminescent markers with filter set respectively for Buv395, FITC and PE to collect fluorescence
signals, respectively.
6.2.6 Gene expression analysis
48 hours after transfection, the total RNA was extracted from MiaPaCa-2 cells using TRIzol
reagent (Invitrogen) and quantified using a micro-spectrophotometer (Nano-Drop ND-1000). 2 µg of
total RNA was reverse transcribed to cDNA using reverse transcriptase kit from Promega in
accordance with manufacturer’s instructions. The mRNA levels of the targeted genes were measured
by real time PCR normalized to the expression of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH). The primers used were as follows: K-Ras: 5′-AGAGTGCCTTGACGATACAGC-3′
(sense),

5′-ACAAAGAAAGCCCTCCCCAGT-3′

ACCACAGTCCATGCCATCAC-3′

(sense),

GAPDH

(antisense);

GAPDH:

5′-

5′-TCCACCACCCTGTTGCTGTA-3′

(antisense). The PCR products were electrophoresed in a 1.2% GelRed stained agarose gel and
observed under UV light illumination.
6.2.7 Anticancer effects in vitro
The effect of GQD/DOX/BCPV/siRNA nanocomplexes on proliferation of MiaPaCa-2 can
be determined by the MTT assay as described above. The effect of cell migration was determined
using the wound-healing assay. Briefly, 104 of MiaPaCa-2 cells were seeded in 24-well plates
followed by transfection with GQD/DOX/BCPV/siRNA nanocomplexes for 48 hours, in which the
cells almost achieved confluence. Then, a scratch wound was created on the surface containing the
cells using a sterile pipette tip. The cells were incubated in a complete culture medium and imaged
using an inverted fluorescence microscope. The rate of wound healing was determined by evaluating
the distance of migration in the scratch wound and was assessed at 0, and 48 hours (0 h is the time of
scratching). NIS Elements Br Analysis 4.0 software was used to analyze the migration distance.The
invasive capability of the MiaPaCa-2 cells transfected with GQD/DOX/BCPV/siRNA
nanocomplexes was determine using an 8 µm BD BioCoat Matrigel invasion chamber assay system
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(BD Biosciences) according to the manufacturer’s protocol with minute modifications. Concisely,
after 48 hours, GQD/DOX/BCPV/siRNA nanocomplexes-transfected MiaPaca-2 cells were seeded
in the upper chamber of the system which contained FBS-free medium. The bottom chamber was
filled with 10% FBS medium which serve as chemoattractant. The cells were incubated for a further
48 hours. Next, the cells in the upper chamber were removed with swabs followed by staining the
cells that invaded the Matrigel matrix membrane with Giemsa staining in PBS for 5 minutes. The
number of invaded cells were viewed and calculated under the microscope in five random views. The
apoptosis rates of the transfected cells were determined using a FITC Annexin V Apoptosis Detection
Kit I (BD PharmingenTM) according to manufacturer’s protocol. Annexin V is widely used as an early
apoptosis indicator as it has a strong affinity to the membrane phospholipid phosphatidylserine, which
is widely available in the exterior of apoptotic cells. PI is a type of dye to identify the cells with a
ruptured membrane and commonly used to classify dead and damaged cells. In short, approximately
106 MiaPaCa-2 cells were seeded in a six-well plate, followed by transfection with
GQD/DOX/BCPV/siRNA nanocomplexes for 72 hours. The cells were then collected and washed
twice with cold PBS and suspended in binding buffer. Then, flow cytometry analysis was used to
determine the apoptotic cells.
6.2.8 NIR triggered DOX and siRNA release in cells from nanocomplexes
MiaPaCa-2 cells were seeded in a six-well plate with a density of 105 cells per well with
DMEM culture medium, subsequently followed by transfection with GQD/DOX/BCPV/siRNA for
four hours. Before illumination, the treated cells were rinsed thrice with PBS buffer to remove any
free nanocomplexes. The multimode fiber coupled diode lasers with a 0.22 numerical aperture (NA)
with a straight cleaved fiber end was used to illuminate the cells with NIR light. The output power
was adjusted to achieve different power densities. The duration of illumination was fixed at 15
minutes. The fluorescence intensity from the cells was determined using flow cytometry.
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6.2.9 Photothermal Effect of GQD/BCPV for Cancer Cells.
MiaPaCa-2 cells were seeded in a six-well plate with a density of 105 cells per well with
DMEM culture medium, subsequently followed by transfection with GQD/BCPV for four hours.
Next, the cells were rinse thrice with PBS buffer to remove all free nanocomplexes before being
illuminated from 2 W/cm2-32W/cm2 with 780nm NIR laser for 15 minutes. The cell were being
stained with PI (Propidium Iodide) to evaluate cell viability.

6.3 Results and Discussion
The nitrogen-doped GQDs were synthesized using the hydrothermal method described earlier
(Fig 6.2a) [293]. In Figure 6.2b, the UV-VIS spectrum of GQDs exhibited a major absorption peak
at 365 nm that assigned to the n-π* transition, as reported earlier[294]. The emitted blue luminescence
can be viewed under UV lamp illumination, as shown in the inset of Fig 6.2b. HRTEM results showed
that the bare GQDs had an average particle size of 28±10 nm (Fig 6.2c). The synthesized nitrogendoped GQDs exhibit an excitation-wavelength dependent photoluminescence (PL), and the most
intense fluorescence PL peak at 440 nm upon 300 nm excitation (Fig 6.2d). As described in our
previous report [294], the PL emission of the GQDs originates from the sp2 clusters that are isolated
within a sp3 C-O matrix. Pyridinic-N and pyrrolic-N configurations contribute one or two electrons,
respectively to π bond at GQD sp2 as delocalized electron. These delocalized electrons are excited to
π* bonds with the existing π electrons and subsequently recombine with holes in the π bonds at GQDs
sp2. On the other hand, the BCPV was synthesized according to previous report(Fig 6.3a) [283]. The
resulting chemical structure of the BCPV was characterized using 1H NMR. The 1H NMR spectrum
of BCPV was shown in Fig 6.3b. The average degree of polymerization (DPn) of 64 was calculated
using previously described methods [14]. The result showed that the BCPV had a charge density of
43% relative to the PLA backbone. In order to be able to perform easy coating on the GQDs, the
molecular weight and positive charge of BPCV in this part is less than the previous chapters, which
was achieved by controlling the reaction time in the synthetic process. Due to the presence of tertiary
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amine-based cationic groups, BCPV has a high positive charge value of +62±2.2mV. The intrinsic
toxicity of GQDs and BCPV was evaluated via MTT assays on four different cell lines. The results
showed that the cells still possess over 90% viability even at dosages of up to 4 mg/ml and 160 µg/ml
for GQDs and BCPV, respectively, after 48-hour post incubation (Figure 6.4a). This result clearly
indicated that both GQDs and BCPV are highly biocompatible across a large dosage range.

Figure 6.2 (a) The nitrogen-doped GQDs were synthesized using a hydrothermal method. (b) The
absorption spectra of the naked GQDs. The inset shows the naked GQDs imaged under white light and
UV illumination. (c) TEM image of the naked GQDs. (d) Photoluminescence spectra of the GQDs,
showing a PL emission peak at 440 nm, under 300 nm wavelength excitation.

For the efficient loading of biomolecules, it is important to optimize the weight ratios among
GQDs, DOX, BCPV and siRNA as well as the sequence of conjugation order. Firstly, to determine
the amount of conjugated DOX on the GQDs, two calibration curves with varying concentrations of
GQDs and DOX were first prepared. GQDs were mixed with DOX for 24 hours before dialyzing it
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against DI water for 48 hours. Subsequently, the absorbance spectra of the GQD/DOX nanocomplex
was evaluated. It was observed that 1 mg GQD (2.5 mg/ml) was capable of loading 1.6 g DOX
solution (4.1 g/ml). After conjugating with positive charge DOX, the zeta potential of GQDs/DOX
nanocomplex was increased from -37±0.9mV of naked GQD to -16 ±1.8 mV (Fig 6.4b). The negative
surface charge of the GQD/DOX nanocomplex allows positively charged BCPV to be subsequently
conjugated via electrostatic interaction. The GQD/DOX nanocomplex solution was mixed with
BCPV at different weight ratios, and the resulting solution was left undisturbed for 4 h for conjugation.
The BCPV conjugation efficiency of the resulting GQD/DOX/BCPV was evaluated by a 1.2%
electrophoresis agarose gel. It was observed that the weight ratio of for GQD/DOX:BCPV at 1:0.12
is the optimized weight ratio as most of the GQD/DOX/BCPV (zeta potential: 43±5.1mV) migrated
towards negative electrode(Fig 6.4b and Fig 6.5a). Similarly, agarose gel electrophoresis was also
used to determine the optimum weight ratio of siRNA and GQD/DOX/BCPV nanocomplexes. In this
process, GelRed, a type of siRNA stain, served as the indicator of the negative free siRNA running
into agarose gel that would be attracted to the positive electrode. The optimized GQD/DOX/BCPV
nanocomplex was mixed with siRNA at different weight ratios, ranging from 150:1 to 500:1. It can
be observed that most of the siRNA has been fully retarded in the wells at weight ratio of 250:1 (Fig
6.5b). Hence, this optimized weight ratio was adopted in the subsequent experiments. The
GQD/DOX/BCPV/siRNA nanocomplex (weight ratio at 250:1) had a particle size of 65 nm and zeta
potential of 30±3.4 mV(Fig 6.4b). To further investigate the photostability and chemical stability of
the GQD/DOX/BCPV/siRNA nanocomplex, the nanocomplex was dispersed in different solution
such as PBS, DMEM, DMEM+10% FBS, and 70% FBS for 48 hours. No significant fluorescence
quenching and aggregation of the nanocomplex was observed, demonstrating the high colloidal
stability of the nanocomplex in various biological solutions (Fig 6.6).
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Figure 6.3 (a) Synthesis of BCPV via ROP (ring-open polymerization) and thiol−ene functionalization.
(b) The chemical structure of the BCPV was confirmed from the NMR spectra (500 MHz 1H NMR
spectra of BCPV in CDCl3).

Figure 6.4 (a) The cytotoxicity of GQDs and BCPV on four different cell lines. The cell viability was
evaluated by MTT assay after 48h incubation with BCPV or GQDs. Blank was the negative control
group. Results are represented as means ± SD, n = 5. (b) The zeta potential changes after step by step
functionalization of naked GQDs with DOX, BCPV and siRNA. TEM image of the
GQD/DOX/BCPV/siRNA nanocomplexes (inset), scale bar: 25nm.
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Figure 6.5 (a) Agarose gel electrophoresis of BCPV:GQD/DOX at different weight ratio. (b) Agarose gel
electrophoresis of GQD/DOX/BCPV:siRNA at different weight ratio.

Figure 6.6. GQD/DOX/BCPV/siRNA nanocomplexes in different solvents under UV illumination.
132

To demonstrate the transfection efficiency of the GQD/DOX/BCPV/siRNAFAM nanocomplexes,
MiaPaCa-2 cells, a pancreatic cancer cell line, were treated with the different formulations including
naked

GQDs,

GQD/BCPV,

DOX,

GQD/DOX/BCPV,

GQD/DOX/siRNAFAM

and

GQD/DOX/BCPV/siRNAFAM. Figure 6.7 shows the color coded fluorescent signals from GQDs,
DOX and siRNAFAM in MiaPaCa-2 cells after they were treated with different formulations for 4 h.
It was clearly observed that the uptake amount of GQDs was significantly enhanced by the BCPV
coating. This is due to the change of the surface charge property of GQD/BCPV nanocomplex from
negative (naked GQD) to positive, as positively charged nanocomplex would easily penetrate the
negatively charged cell membrane. Meanwhile, the fluorescence intensity of DOX and siRNA inside
the cells were also significantly increased when BCPV-modified GQDs were used as nanocarriers,
proving a higher cellular uptake efficiency of GQD/DOX/BCPV, GQD/BCPV/siRNAFAM, and
GQD/DOX/BCPV/siRNAFAM nanocomplexes. The DOX and siRNA fluorescence signals overlapped
well with the fluorescence from GQDs which clearly suggests that GQDs can serve as a nanocarrier
for co-delivery DOX and siRNA into cells. The fluorescence signals from the GQDs could render
intracellular tracking capability and offers possibility for image-guided drug delivery and imaging
tumour through enhanced permeability and retention effect. In order to further quantify the
transfection efficiency of DOX and siRNAFAM, flow cytometry was employed, and the results are
shown in Fig 6.8. Fig 6.8a displays the representative fluorescence plots of MiaPaCa-2 cell treated
with different formulations. The naked GQDs, GQD/BCPV and DOX alone are introduced as
negative controls. As shown in Fig 6.8b, the cells treated with the GQD/DOX/BCPV/siRNAFAM
nanocomplexes present robust DOX and FAM fluorescence and their corresponding fluorescence
signal intensity are estimated to be 3477 a.u (DOX) and 1806 a.u (FAM), respectively, which are
much higher than these of the cells treated with free DOX and naked siRNA (not shown here) treated
groups. Moreover, there are negligible differences of the fluorescence intensity of DOX between
GQD/DOX/BCPV (3425 a.u) and GQD/DOX/BCPV/siRNA (3477 a.u) nanocomplexes-treated
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tumour cells, as GQD/BCPV/siRNAFAM and GQD/DOX/BCPV/siRNAFAM nanocomplexes-treated
cell groups, they exhibit similar fluorescent intensity of FAM. These flow cytometry results are
consistent with those obtained from previous cell fluorescence imaging in Fig 6.7, and further
demonstrated that GQD-based nanocomplexes can effectively co-deliver DOX and siRNA into
pancreatic cancer cells.

Figure 6.7 Fluorescence microscopy images (20×magnification) of MiaPaCa-2 cells treated with different
formulations. The blue signal originates from the PL of the GQDs while the red signal originates from
DOX. The fluorescence signal from the FAM labeled siRNA is rendered in green. For the
GQD/DOX/BCPV/siRNA treated group, the final concentration of DOX was fixed at 1.6 g/ml and
siRNA was fixed at 4 g/ml, and these concentrations are all used in the following cell related
experiments.
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Figure 6.8 (a) Flow cytometry evaluation on the transfection efficiencies of MiaPaCa-2 cells transfected
with

GQDs,

GQD/BCPV,

DOX,

GQD/DOX/BCPV,

GQD/BCPV/siRNAFAM

and

GQD/DOX/BCPV/siRNAFAM with a non-treated BLANK group as reference. (b) Quantifying results of
the flow cytometry analysis showing the fluorescence intensity of each group. The average fluorescent
intensity is given in arbitrary units (a.u.).

In order to verify the knockdown efficiency of the GQD/DOX/BCPV/siRNA nanocomplexes,
the transcription level of K-ras gene of treated MiaPaCa-2 cells was quantified through real-time PCR
(polymerase chain reaction). By using GAPDH gene as the reference, the mRNA levels of K-ras gene
in different groups were measured and normalized to the BLANK group. The results indicate that the
cells treated with GQDs, BCPV, DOX and GQD/BCPV formulations showed no significant
difference in the transcription level of the mutated K-ras gene as compared with the BLANK group.
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On the other hand, the group treated with GQD/DOX/BCPV/siRNA nanocomplex exhibited higher
K-ras transcription inhibition efficiency compared to the groups treated with other nanocomplexes
(Fig 6.9a). The K-ras gene, encoding a membrane-bound guanosine triphosphate (GTP)-binding
protein, is responsible in mediating various cellular functions such as the cell proliferation and cellular
survival. K-ras mutation at codon 12 promotes cell proliferation, transformation and anti-apoptotic
through multiple cell signaling pathways, eventually causing cell malignant transformation [241]. On
the other hand, DOX functions by binding to DNA-associated enzymes, such as topoisomerase
enzymes II, and inducing a range of cytotoxic effects that result in DNA damage. The apoptosis
pathway is triggered when attempts to repair the DNA damage fails and the proliferation is inhibited
at phase G1 and G2 [295]. In this study, the treatment effect of the GQD/DOX/BCPV/siRNA on
pancreatic cancer were then systematically evaluated. In order to investigate the anti-proliferative
effects of GQD/DOX/BCPV/siRNA nanocomplexes, the MTT assay was performed to analyze the
ability of the nanocomplex to inhibit the growth of MiaPaCa-2 cells. Fig 6.9b shows that the codelivery of DOX and siRNA into the cells via GQD/DOX/BCPV/siRNA remarkably reduced the cell
proliferation by 67±8.2% compared with the BLANK group. Moreover, the apoptosis of the treated
MiaPaCa-2 cells was further evaluated by FITC labeled Annexin V and Propidium iodide (PI)
staining. Annexin V has been widely used as an early apoptosis indicator depending on its high
affinity to the membrane phospholipid phosphatidylserine, which is exposed to the external cellular
environment in apoptotic cells. PI is a vital dye to label dead and damaged cells, and will be excluded
by intact membrane of healthy cells. Our results indicated that the cell group treated with
GQD/DOX/BCPV/siRNA nanocomplex have higher apoptotic cell population (28±1.9%) as
compared to the BLANK (2.5±0.6%), GQD/BCPV (2.3±0.5%) and DOX (10.3±1.9%) groups,
indicating that GQD/DOX/BCPV/siRNA nanocomplex treatment promoted more cells into apoptosis
(Fig 6.9c and 6.9d).
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Figure 6.9 (a) The cell groups were treated with different formulations, and the gene knockdown
efficiency of the K-ras oncogene was evaluated by real time RT-PCR assay 48 h post-treatment. (b)
Control of cell proliferation as a consequence of K-ras oncogene suppression. Results are represented as
means ± SD, n = 5; *, P < 0.01. (c,d) Flow cytometry analysis showing apoptotic state of Annexin V and
PI co-stained MiaPaCa-2 cells treated with different formulations, 72 hours post treatment. Cells
presenting higher fluorescence signals for both FITC and PI staining in the flow cytometry micrographs
were representative of the apoptotic cell count.
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Figure 6.10 The cell migration and invasion inhibited by GQD-based nanocomplexes. (a)Wound healing
assay in MiaPaCa-2 cell culture treated with different formulations. Phase contrast microscope images
(10×magnification) of the wound healing process monitored for 48 hours post-treatment. (b) The cell
invasion assay (below) based on a Transwell chamber model of the MiaPaCa-2 cells after treatment with
different formulations. Bright field microscope images (20×magnification) of the cells that penetrated
through the Matrigel-coated membrane in the transwell chamber. The cells were stained with trypan
blue. (c) Quantitative evaluation on the percentage of the wound window closed after treatment, values
were normalized by the initial wound window width. (d) Quantitative cell counts of the cells that
penetrated through the Matrigel-coated membrane. Each bar represents five random microscopic fields
under 20 magnification. Blank cells were untreated. Results are represented as means ± SD, n = 6; **,
P < 0.01.
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Metastatic is a primary cause of death in pancreatic cancer patients, and involves a
complicated multi-step process which starts with the migration and invasion of the cancer cells to the
adjacent tissues [296]. Hence, cancer treatments which are capable of reducing cell migration and
invasion are very important for combating pancreatic cancer. By creating a wound on the monolayer
of MiaPaCa-2 cells, the cell migration can be evaluated by monitoring the width of the wound after
48 hours of treatment with different formulations (Fig 6.10a and 6.10c). In the non-treated blank
group, a decrease in the wound window width could be clearly observed after 24 hours. The cells
started to migrate to the open space in- between the wound margins and the previously straight wound
boundaries became cluttered. Similar phenomena were also observed for the GQD/BCPV and DOX
treated groups. As comparison, an obvious suppressed wound healing was observed in the
GQD/DOX/BCPV/siRNA treated group. On the other hand, the invasion capability of MiaPaCa-2
cells was assessed using a Matrigel invasion chamber assay. As shown in Figure 6.10b and 6.10d,
the population of GQD/DOX/BCPV/siRNA-treated cells that managed to penetrate the invasion
chamber was significantly lower than that of groups treated with other formulations. All these results
suggest that the GQD/DOX/BCPV/siRNA combinational treatment have an enhanced synergistic
anti-cancer performance on pancreatic cancer.
It has been reported that GQDs could also be used as photodynamic therapy agent, but the
photothermal therapy using GQDs via NIR-triggered drug release for cancer treatment has not been
reported [138]. Hence, after confirming the treatment effect of GQD/DOX/BCPV/siRNA
nanocomplex, we next continued to evaluate the in vitro therapeutic effects of these nanocomplexes
as photothermal agents and as drug carriers. In this study, the temperature of the GQD/BCPV solution
(16 µg/ml GQDs) can increase by 22ºC upon 15 minutes of NIR laser irradiation with the beam size
of 0.5 mm2 (780 nm, 2 W/cm2) (Fig 6.11a). In order to be consistent with the previous experiments,
the final concentration of the GQD/BCPV (weight ratio: 0.12:1) was fixed at 1 mg/ml in the following
experiments. The photothermal therapeutic effect of GQD/BCPV were investigated by exposing
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transfected cells to NIR of different power densities for 15 minutes. Then, the cell viability of the
groups treated with different power densities were evaluated by MTT assay. It was observed that the
inhibition efficiency of cell viability was enhanced when the NIR power density was gradually
increased. In comparison with the cells without treatment, the cell viability was negligibly reduced to
be 97.7 ±10.21% at 2 W/cm2 NIR irradiation, and significantly reduced to 30.7±6.99% at 32 W/cm2
NIR irradiation (Fig 6.11b). We also directly observed this photothermal effect by staining the
irradiated cells with PI, thus only dead cells will be stained. A distinct regions of cell death were
observed as depicted in Fig 6.11c. In contrast, the MiaPaCa-2 cells without GQD/BCPV treatment
were not affected by the NIR laser irradiation at 32 W/cm2. Nevertheless, the use of NIR irradiation
with such high power density may not be practical for subsequent clinical translation as the used laser
power is much higher than the maximum permissible exposure (MPE) of 1-2 W/cm2 [297]. Hence,
the GQDs need to be further engineered in a way that the absorption and photothermal conversion
efficiency can be within the MPE limitation. However, we found that functionalization of GQDs with
DOX, BCPV, or siRNA does not influence their photothermal conversion efficiency (Fig 6.12a).
Meanwhile, after the GQD/DOX/BCPV/siRNA nanocomplex were dispersed in different biological
solutions and irradiated with NIR light at 2 W/cm2 for 15 minutes, similar temperature increased
profile was observed (Fig 6.12b). This clearly demonstrated that the stable of photothermal property
of the GQD/DOX/BCPV/siRNA nanocomplex in different biological solutions.
To further investigate the light-driven drug delivery profile of the nanocomplex system,
MiaPaCa-2 cells were treated with GQD/DOX/BCPV/siRNA nanocomplexes for 6 hours (the
optimized reaction time), then the treated cells were irradiated with 790 nm NIR light for 15 minutes.
Next, the synergistic treatment effect on the MiaPaCa-2 cell was systematically studied. The
MiaPaCa-2 cells treated with GQD/DOX/BCPV/siRNA nanocomplexes followed by NIR irradiation
(15 minutes, 2 W/cm2) presented higher fluorescence brightness originating from siRNAFAM and
DOX when compared to cells treated with GQD/DOX/BCPV/siRNA nanocomplexes (Fig 6.13a).
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Figure 6.11 (a) The increased temperature of the GQD/BCPV nanocomplex formulation of various
concentrations upon irradiation with NIR laser light (780nm, 2 W/cm2, 15 minutes). (b) The summary
of cell viability treated synergistically with GQD/BCPV under different power of NIR laser irradiation.
(c) Microscopy images (4×magnification) of MiaPaCa-2 cells treated with GQD/BCPV subjected to NIR
laser (780 nm, 32 W/cm2, 15 minutes) illumination. The red fluorescence region indicates dead cells
stained by propidium iodide.

Figure 6.12. (a) The increased temperature of the various GQD-based nanocomplexes formulation after
being irradiated with 780 nm NIR light (2 W/cm2) up to 15 minutes. (b) The temperature increase of the
GQD/DOX/BCPV/siRNAK-ras nanocomplex formulation in different medium after being irradiated with
NIR light (2 W/cm2) irradiation up to 15 minutes.
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Figure 6.13 (a) Fluorescence images (20×magnification) of MiaPaCa-2 cells transfected by
GQD/DOX/BCPV/siRNAK-ras with/without NIR light irradiation. (b) Flow cytometry analysis indicating
the release of siRNAK-ras and DOX intracellularly in different treatment groups. (c) Quantitative
summary indicating the fluorescence intensity of MiaPaCa-2 cells in various treatment groups. Results
are represented as means ± SD, n = 5; *, P < 0.01.

Flow cytometry was further employed to quantify the increase in siRNA and DOX
intracellular release from nanocomplex after 2 W/cm2 NIR irradiation. The results indicate that, after
irradiating the nanocomplex-treated cells, the fluorescence intensity of DOX had increased by 2.2
times while the fluorescence intensity of siRNA had increased by 1.8 times (Figs 6.13b and 6.13c).
These results prove that NIR light irradiation can induce the photothermal effect of functionalized
GQDs nanocarriers and this allows one to systematically control the release of their payloads. In the
next set of experiments, we investigated the K-ras gene knock-down efficiency by PCR method after
cells were treatment with nanocomplex and NIR light. It was observed that the NIR irradiation
significantly enhanced the inhibition effectiveness of the K-ras gene expression on the nanocomplextreated MiaPaCa-2 cells (Fig 6.14a). Furthermore, after NIR irradiation, the growth of
GQD/DOX/BCPV/siRNA nanocomplex-treated cells was reduced by 82.6% (Fig 6.14b), which is
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larger than that obtained for the cells treated with nanocomplexes only (72%). More importantly, the
NIR irradiation also promoted more nanocomplex-treated cells to become apoptotic (Figs 6.14c and
6.14d). The improved treatment effect is primarily credited to the enhanced intracellular release of
the DOX and siRNA from GQD/DOX/BCPV/siRNA nanocomplexes triggered by NIR irradiation.

Figure 6.14 (a) The K-ras expression of MiaPaCa-2 cells treated with different GQD-based formulations
after NIR irradiation as detected by real time PCR assay. The inset at the top right corner shows NIR
laser irradiation of cells in the culture well as seen using a NIR viewer. (b) After NIR irradiation, the
proliferation of MiaPaCa-2 cells treated with different formulations were evaluated by MTT assay. (c)
After NIR irradiation, the apoptotic cells in different formulations-treated MiaCaPa-2 cells was assessed
by FITC Annexin V and PI co-stained. (d) Summary of the apoptotic rate of MiaPaCa-2 cells treated
with different formulation after NIR condition. Results are represented as means ± SD, n = 3; *, P <
0.01.
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These results clearly indicate that the combination of GQD/DOX/BCPV/siRNA
nanocomplexes and NIR light irradiation can lead to a superior synergistic therapeutic effect for
pancreatic cancer treatment. All these high biocompatible, low bio-toxicity, and light controllable
features of the GQD/DOX/BCPV/siRNA nanocomplexes will allow to design personalized medicine
treatment for pancreatic cancer with minimal collateral damage to normal tissues or cells. However,
many more systematic anti-cancer studies, as well as some immuno-compatibility studies, still need
to be performed in vivo before future clinical applications of GQD/DOX/BCPV/siRNA nanocomplex.

6.4 Conclusions
Overall, we have demonstrated that fluorescent GQDs can serve as a multifunctional delivery
platform for the co-delivery of siRNA and DOX for pancreatic cancer therapeutic treatment. The
expression of K-ras gene in pancreatic cancer cell was effectively suppressed and the cell viability
was strongly inhibited. To further improve the therapeutic effect of the GQD-based nanocomplexes,
NIR light was successfully employed to promote the intracellular release of DOX and siRNA via the
photothermal effect. To the best of our knowledge, this is the first report on using biodegradable
polymer-functionalized biocompatible graphene quantum dot-based nanocarrier for simultaneously
delivering siRNA and DOX for treating pancreatic cancer in vitro. Moreover, the results in this study
can be regarded as a breakthrough for treating pancreatic cancer using a combination therapy. The
developed GQD/DOX/BCPV/siRNA nanocomplex co-delivery system that successfully integrate
chemotherapy, gene therapy, bio-imaging guided and NIR light-mediated biomolecules release would
be a promising approach for pancreatic cancer treatment in clinical.
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Chapter 7 Conclusions, Ongoing, and Future Work
7.1 Conclusions
This Thesis investigates the synthesis and application of a novel biodegradable polymer,
BCPV, as siRNA carrier for cancer treatment. The different treatment strategies of siRNA delivery
targeting one or two mutation oncogenes by BCPV as nanocarrier were performed on both adherent
and non-adherent growth cell lines. Meanwhile, the BCPV was further used to functionalize GQDs
to construct siRNA and chemotherapeutic drug multifunctional co-delivery system on the cancer
treatment.
In recent years, RNAi has emerged as a promising strategy for the cancer treatment via
regulation of the oncogene expression. However, the application of siRNA faces a series of challenges
that need to be overcome before RNAi technology can be a feasible clinical practice. The siRNA’s
negative charge and high molecular weight restrict its entry through the cell membrane into the
cytosol. Therefore, it is a crucial step to develop biologically safe and efficient siRNA carrier to
achieve an effective targeted gene knock-down. In order to overcome these limitations, a novel
biodegradable polymer BCPV, intended to be used as siRNA carrier, was designed and synthesized
through ring-opening polymerization and thiol−ene click functionalization. In comparison with the
traditional transfection agents, BCPV shows outstanding properties such as high biocompatibility,
biodegradability, low cytotoxicity, and high transfection efficiency. Under optimized conditions,
BCPV can effectively encapsulate siRNA to form a capsule-like structure nanocomplex, protecting
siRNA from being degraded by RNase in the serum, and thus enabling to deliver siRNA into cytosol
and assist its escape from endosome. Based on the BCPV’s excellent performance in siRNA delivery,
we have explored several therapeutic strategies on pancreatic cancer and leukemia cells. The
expression of the K-ras mutation gene of pancreatic cancer cells was effectively inhibited after
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treatment with BCPV-siRNA nanocomplexes, and the cells viability, proliferation, migration and
invasion were clearly repressed.
Chronic Myeloid Leukemia (CML) is a hematopoietic malignant cancer characterized by
reciprocal translocation of chromosomes 9 and 22 resulting in the formation of the BCR–ABL fusion
oncoprotein. Leukemia cells are non-adhesive growth cells, and well known as difficult-to-transfect
cell with the currently available siRNA transfection agents, resulting in reduced contact probability
between nanoplexes and the suspended cells in the medium as compared to the adherent cells. The
BCPV-siRNA successfully delivered BCR-ABL siRNA into the leukemia cell lines, and effectively
inhibited the BCR-ABL gene expression, resulting in the reduction of cell viability and promotion of
cell apoptosis. The BCPV provided a versatile platform to deliver siRNA to non-adherent leukemia
cells with high transfection efficiency by effectively overcoming extra- and intra-cellular barriers.
Considering the carcinogenesis attribute to the multiple gene mutation, we delivered two kinds
of siRNA by BCPV into pancreatic cancer cells for respective targeting of the K-ras and Notch1 genes,
resulting in the EMT reversal of MiaPaCa-2 cells, thereby enhancing the sensitivity of MiaPaCa-2
cells to the gemcitabine anti-cancer drug. MiaPaCa‐2 cell proliferation, migration, and invasion were
effectively inhibited, and cell apoptosis was also significantly enhanced by the synergistic antitumor
effect of BCPV‐siRNAK‐ras‐siRNANotch1 nanocomplexes and GEM. These results suggest that this
combination RNAi therapy can be used to improve cancer cell sensitivity to chemotherapeutic drugs.
In order to improve the therapeutic effect of RNAi therapy, BCPV was used to modify the
GQDs to construct a siRNA and DOX co-loading hybrid-polymer nanoparticle system via π−π
interaction and electrostatic binding. This hybrid material has the advantages of addressing multiple
functions: siRNA-drug carrier, fluorescent imaging as well as synergistic photothermal therapy. After
treatment with GQD/DOX/BCPV/siRNA nanocomplexes, the proliferation, migration and invasion
of pancreatic cancer cells were strongly suppressed, and the cell apoptosis was also promoted. The
photothermal properties of the GQDs also enable the enhanced intracellular release of DOX and
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siRNA from the nanocomplex under irradiation with near-infrared (NIR) laser light, thus enhancing
the therapeutic effect.

7.2 Ongoing and future works
The results presented in this Thesis successfully demonstrated that an outstanding anti-cancer
effect was achieved via BCPV-siRNA nanocomplexes or BCPV hybrid nanoparticle treatment.
However, there are still some factors that need to be addressed in future works before this siRNA
delivery system can be used in clinical application.
7.2.1 In vivo assessment of therapeutic efficacy
The studies in this Thesis have been performed to investigate the cancer treatment effects of
the proposed BCPV-based siRNA delivery systems in vitro. Although studies have been presented
on how BCPV-siRNA can be utilized for specific inhibition of the oncogene expression, the treatment
effect of BCPV-siRNA on the cancer have not yet been estimated in vivo. Obviously, siRNA delivery
in vivo is much more difficult than that of in vitro setting due to the complication presented by
physiological environments. In general, in vivo delivery of siRNA has more barriers compared in
vitro delivery, as the former directly exposed BCPV-siRNA to enzymatic degradation by nucleases.
In vivo, the positively charged polymer nanocarriers exhibit time-dependent aggregation as a result
of adsorption of serum albumin and other blood proteins. On administration into the bloodstream, the
siRNA carriers may be rapidly distributed to organs in the reticuloendothelial system (RES) and
phagocytosed by the macrophage cells. Consequently, the nanoplexes tend to accumulate in RES
organs (spleen and liver) before reaching any target tissues. After systemic administration, the BCPVsiRNA nanocomplexes need to extravagate from the blood vessels to reach tumor microenvironment
region before they are internalized by cellular endocytosis, non-targeting aggregation and clearance.
Hence, the evaluation of the siRNA delivery performance of BCPVs in vivo is of sheer importance
for their clinical applicability and translation. In addition, it is required to elaborate on all of siRNA
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delivery properties of BCPVs in vivo, including blood circulation time, intratumoral siRNA
concentration, release process, pharmacokinetic profiles, and potential side adverse effects.

7.2.2 PEG modification and ligand targeting delivery
The efficacy of the BCPV-siRNA therapy is actually evaluated in vitro by directly exposing
the cells to the BCPV-siRNA nanocomplex. To promote the potential BCPV application in clinical
setting, the therapeutic effect needs to be assessed in vivo. Despite having promising transfection
efficiency and low toxicity properties, preliminary results indicates that BCPV-siRNA
nanocomplexes suffer from some obstacles in the form of low stability, slight aggregation and
decreasing transfection efficiency in serum-containing medium. Thus, to overcome these limitations,
grafting PEG on the BCPV chemical structure is an efficient approach. This strategy should allow it
to avoid the undesirable non-specific interaction with blood negative proteins in the serum.
PEGylation of BCPV could enhance the stability of BCPV-siRNA nanocomplex in the bloodstream.
PEG modification could also cover the hydrophobic core to protect the nanoparticles from elimination
by circulation system, and prolong their performance at the targeted site. In order to improve the
amount of siRNA in the targeting tumor region, enhancing the interaction of polymer with tumor cells,
prolonging the half-life of siRNA, and allowing cell uptake of siRNA via ligand-receptor regulated
endocytosis, the development of ligand-coupled polymer is required. For active targeted siRNA
delivery, BCPV could be modified with targeting molecules such as transferrin, folic acid, hyaluronic
acid, aptamers and epidermal growth factor and other small molecules to enhance the selective
transfection efficiency.
7.2.3 Photodynamic therapy
Photodynamic therapy (PDT) involves irradiation with a specific wavelength of light on
photosensitizing agent that under irradiation produces reactive oxygen species (ROS), such as 1O2 to
elicit cancer cells death. PDT surpasses the traditional treatment methods due to its non-invasive
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character, negligible drug resistance and low systemic toxicity. However, the current applications are
often limited by the low cell uptake of these PDT agents. Hence, it should be meaningful and
interesting to investigate BCPV’s potential as functionalized polymer to modify photodynamic agents,
such as porphyrin, phthalocyanines, graphene quantum dots (GQDs) and bacteriochlorin derivatives,
to promote cell uptake, and enhance the PDT effect in vivo. This strategy can also be used to form
multifunctional nanocomplexes consisting of a drug, siRNA, and a PDT agent for cancer
combinational treatment.
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