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ABSTRACT

PEI - STARCH NANOPARTICLES FOR CANCER GENE THERAPY

Kandemir, Berke Bilgenur
M.Sc., Department of Biotechnology
Supervisor: Prof. Dr. Vasif Hasirct
Co-Supervisor: Prof. Dr. Gamze Torun Kose

September 2013, 59 pages

Cancer is the most serious disease of in this century and death rates due cancer are increasing
rapidly. Since the conventional cancer treatment techniques like chemotherapy, radiation
therapy and surgical operations are not sufficiently efficient and they even are harmful for
healthy tissues, there is an urgent need for effective treatment techniques with minimal or no
side effects. Controlled drug delivery systems are offered as an alternative approach to cancer
therapy that helps prevent excessive drug use and may even target the drug to the disease site.
It was shown that one of the most efficient therapeutic agents is the use of gene therapy
involving siRNA. Cationic nanoparticles are known to be efficient tools in siRNA delivery
specificially into the targeted tumor cells. This study aims to develop an autophagic siRNA
delivery system to cancer cells wusing positively charged nanospheres of
polyethylenimine(PEI) — starch which possess the required positive charge by employing PEI
molecules while lowering the cytotoxic effect of PEI through complexation with starch. PEI-
starch nanospheres were prepared by water-in-oil microemulsion method. The size and zeta
potential of the PEI-starch nanospheres were characterized by measuring the zeta potential and
the particle size, and studying the topography with SEM. Mean diameter of unloaded particles
was 60.3 nm and upon loading with siRNA this increased to 84.6 nm. SEM micrographs
revealed that the nanospheres were very uniform (NIH Image J was used to measure the
diameter using the micrographs) and had smooth surfaces. However, batch-to-batch size
variation of the particles was observed.



Zeta potential of PEIl-starch nanoparticles increased when the PEI /starch ratios were
increased, with the highest surface charge of 8.7 mV (PEl:Starch, 9:1 (w/w)). The
encapsulation efficiency of the nanospheres was 1.5 % and this could be increased by
optimizing pH conditions of water phase, and also the crosslinking and washing conditions.
The nanospheres released 50 % of their SIRNA content in the first 3 days and all of the content
in a week. Confocal laser scanning microscopy (CLSM) micrographs show the nanoparticles
affiliated with MCF 7 cells and additional staining of the nucleus is able to show their location
more adequately. Western blot of breast cancer cells treated with EF2K siRNA loaded
nanoparticles showed that the EF2K production which leads to proliferation of cancer cells
was silenced after the treatment with the sSiRNA loaded nanoparticles.

Keywords: Polyethylenimine, starch, nanoparticle, siRNA, gene delivery, gene silencing,
drug delivery, gene therapy, cancer.
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0z

KANSER GEN TERAPiSi AMACLI POLIETILENIMIN — NiSASTA
NANOPARCACIKLAR

Kandemir, Berke Bilgenur
Yiiksek Lisans, Biyoteknoloji Boliimii
Tez Yoneticisi: Prof. Dr. Vasif Hasirci
Ortak Tez Yoneticisi: Prof. Dr. Gamze Torun Kose

Eyliil 2013, 59 sayfa

Kanser her yil artis gosteren 6liim oranlariyla bulundugumuz yiizyilin en ciddi hastaligi
konumundadir. Uygulanmakta olan kemoterapi, radyasyon tedavisi ve cerrahi uygulamalar
hem yeterli verime sahip degil hem de saglikli hiicrelere de zarar vermektedir. Bu yiizden
verimli, toksik olmayan ve hizli sonu¢ veren tedavine yontemlerine ihtiya¢ duyulmaktadir.
[lacin az miktarda daha etkin salim1 agisindan kontrollii ila¢ salim sistemleri kanser tedavisi
icin Onerilen yontemlerden biridir. Gen terapisi yontemlerinden ise en etkin olaninin siRNA
tedavisi oldugu gosterilmektedir. Hedeflenen tiimér hiicrelerine siRNA  salimi
gergeklestirmede katyonik nanokiirelerin verimli birer tasiyici olarak kullanildiklarini
gormekteyiz. Bu ¢alismada, kanser hiicrelerinde otofajiye neden olan EF2K siRNA geninin
pozitif yiizey yiiklii polietilenimin (PEI) — nisasta kiireler ile kanser hiicrelerine salinimi
amaclanmigtir. PEI pozitif yiiklii yapisi ile nanokiireler arti yiik kazandirirken, nisasta
molekiillerinin ise PEI2den kaynaklanabilecek sitotoksisiteyi azaltmasi amag¢lanmigtir. PEI —
nisasta nanokiireler yag i¢inde su emiilsiyon teknigi ile hazirlanmigtir. Biiyiiklik ve zeta
potansiyel degerleri Taramali Elektron Mikroskobu (TEM) ile aragtirilmigtir. NIH Image J
programi nanokiire ¢capinin hesaplanmasinda kullanilmistir. siRNA yiiksiiz kiirelerin ortalama
degeri 60.3 nm iken siRNA yiikli nanokiireler ortalama 84.6 nm c¢apina sahiptirler. TEM
sonuclar1 ayrica nanokiirelerin standart biiyiikliikte ve piiriizsiiz ylizey morfolojisine sahip
oldugunu gostermektedir. Zeta potansitel degerleri kiirelerdeki PEI /nigasta orani arttik¢a
kiirelerin yiikiiniin arttigim1 ve en fazla (PEI:Nisasta, 9:1 (w/w)) 8.7 mV oldugunu
gostermektedir. PEI —nigasta nanokiireler siRNA yiikleme verimleri ise % 1.5 olup su pazinin
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pH’1, capraz baglama sartlar1 ve yikama asamalar1 optimize edilerek arttirilabilme olanagina
sahiptir. Nanokiireler igeriklerinin % 50’sini ilk 3 giinde, diger % 50’sini ise bir hafta i¢inde
salmiglardir. Konfokal Lazer Taramali Mikroskobu (KLTM) ile hiicre i¢ine girebilmeleri
gbzlenmistir ve nanokiirelerin hiicre etrafinda toplandiklar1 goriilmiistir ve ek cekirdek
boyamalariyla nanokiirelerin hiicre i¢i veya etrafindaki konumlar1 daha net gézlenebilecektir.
Western blot ile kanser hiicrelerinin EF2K siRNA yiikli kiirelerle tedavi edildikten sonra
EF2K seviyelerinin azaldig1 gbzlemlenmistir.

Anahtar Kelimeler: siRNA, gen tedavisi, nanopargacik, polietilenimin, nisasta, kanser,
hedefli salim
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CHAPTER 1

INTRODUCTION

1.1. Importance of Cancer as a Disease

Cancer is probably the most serious disease of century, being major cause of deaths and with more
than ten million diagnosis annually (Misra et.al., 2010). Since the disease alters many of the cell
signaling mechanisms and thus cellular physiology in various ways, it is a highly complicated and
difficult to be understood (Zou et.al., 2005; Reichart et.al., 2008). Although cancer evolves as a
localized disease, it is able to spread over to other locations in the body making the local treatments
inefficient. Until now, treatments involved clinical and pathological techniques diagnosis was
based on morphological analyses such as radiological and histopathological imaging. There are
also other treatment techniques which involve chemotherapy, radiation therapy and surgery
(Singhal et.al., 2010). Nowadays, as a result of the technological progress, the techniques are
being continually improved but are still not optimal. The problems in these therapies involve
nonspecific (or systemic) distribution of the therapeutics throughout the body, causing insufficient
therapeutic concentrations at the tumor site, and causing multiple drug resistance (MDR), and
intolerable cytotoxicity (Das et.al., 2009; Parveen et.al., 2009). Since there are many types of
cancer specific for different tissues in the body, current techniques are not capable of handling
them equally well in both diagnosis and therapy (Wang et.al., 2008). There is, therefore a serious
need novel and efficient treatment techniques which are supported by technological advances that
help identify tumor boundaries, identify remaining cancer cells after treatment and also
micrometastases. Also there is a great need to construct efficient drug delivery vehicles.

1.1.1. Evolution of cancer

Cancer can be described as a state where division of cells takes place with an abnormal speed. The
general characteristic of cancer is the invasion of other tissues using blood, the lymphatic system
or the cavities (peritoneum). First they evolve locally in a tissue, then grow and finally spread to
other tissues and this spreading process is called metastasis. The cancer type and characteristic



depends on the tissue type in which it first evolves and is named according to this local position
they evolve in the body (Figure 1.1).

The cancer cells evolve after several mutations if they cannot be fixed by the cell’s own
mechanism. The mutated cells keep on dividing. Proliferated mutated cells gain other mutations
throughout their life cycle. While they proliferate they gain more mutations. Finally, these mutated
cell colonies gain some features which are characteristics of cancer cells; mainly they have rapid
and uncontrolled division and proliferation. At a later stage, they metastasize and invade other
tissues forming uncontrolled and mutated colonies in those locations (Figure 1.2).

Prefix Meaning

adeno- gland

chondro- cartilage

erythro- red blood cell ( . \
hemangio- blood vessels O e
hepato- liver /

lipo- fat / 1

lympho- lymphocyte |

melano- pigment cell

myelo- bone marrow

myo- muscle (\_&d

osteo- bone \\%\

Figure 1.1: Cancer nomenclature according to location in the body (Adapted from National
Cancer Institute, 2005)

Defects in detection of DNA damage and DNA repair mechanisms causes genomic instability of
cells and this is the fundamental cause of cancer (Hanahan et.al., 2000). The causes of genomic
instability can be summarized as telomere dysfunction, loss of cell cycle checkpoint and
persistence in DNA damage. The instability of genome causes additional mutations and finally the



cell become malignant (Brown et.al., 2005). This is called “mutator hypothesis of cancer” (Sarasin
et.al., 2003).

There are some mechanisms hold by the cell, to inhibit genomic instability. The most important
element of these protection mechanisms is tumor suppressor protein p53. The studies show that
one of the mostly mutated genes detected in human cancer is TP53 that has been an evidence for
its anticancer activity (Levine et.al., 1997). Once activated in response to cellular stresses like
DNA damage, hypoxia or proliferative signals, P53 causes apoptosis or cell cycle arrest in cancer
cells. The cell cycle arrest is crucial for these kind of cells in order to obstruct uncontrolled
proliferation that also means additional mutations, thus increase in oncogenic progresses. In the
cells that have these kinds of mutations, p53 is inhibited also, thus inappropriate proliferation
continues.

1.1.2. Characteristics of cancer cells
There are mainly six physiologic alterations that occur in malignant cells:

e Self-sufficiency in growth signals

¢ Resistance to growth inhibitory signals

e Escape from programmed cell death (apoptosis)
e Potential of unlimited replication

¢ Enhanced angiogenesis

e Tissue invasion and metastasis.

These characteristics is generally abandoned in most of the cancer types (Hanahan et.al., 2000).
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Rather than being just a clump of proliferative cells, tumors have complex tissues including
various cell types interacting with each other. Normal cells are also present in tumor
microenvironment as active participants of tumor formation that form tumor associated stroma.
Thus, normal cells play a role in the development of the characteristic behavior of cancer cells.
Recently this issue, that tumors cannot be assessed by only cancer cell characteristics, tumor
microenvironment must also be taken into consideration and has become a hot topic for cancer
researchers (Hanahan et.al., 2011).

Normal tissues have control over growth promoting signals released during specific periods of cell
cycle and growth, achieve homeostasis and keep the tissue architecture and function. These signals
are generally growth factors that interact with cell surface receptors with intracellular tyrosine
kinase functional domains. Once a signal is received, the cells regulate their developmental
progress, including survival and energy metabolism. These mitogenic signals are received only at
specific steps of cell cycle and growth, at specific locations and from one cell to its neighbors.
Moreover, in the environment of a cell, elements of extracellular matrix like functional enzymes
play an important role in the secretion and activation of growth factors. In cancer cells, conversely,
growth factor ligands are produced independently, and related receptors are also expressed
independently. This results in autocrine proliferative stimulation. Tumor cells also trigger tumor
associated stroma to supply various growth factors. Additionally, by increasing the amount of
receptors on surface of cells, tumor cells make themselves highly responsive to growth factor
ligands. Alterations also occur in the structure of these receptors that make them function in a
ligand independent manner. Also there may be other alterations in downstream process of this
receptor signaling pathway which escapes dependence on ligand interaction, like mutations in B-
Raf protein function (Davies et.al., 2010) and PI3 kinase signaling pathway (Yuan et.al., 2008;
Jiang et.al., 2009). The cancer cells may also inhibit negative feedbacks of these uncontrolled
growth and proliferation events, by gaining mutations in Ras oncoprotein pathway and mTOR
kinase as inhibitor of PI3K signaling (O’Reilly et.al., 2006; Sudarsanam et.al., 2010). Since
excessive production of the proliferation signals also trigger cell senescence and apoptosis in cells
(Lowe et.al., 2004; Evan et.al., 2009; Collado et.al., 2010), most human cancer cells have an
optimal level of these genes in order to escape from senescence.

In addition to their support on growth stimulatory events, the cancer cells also act against tumor
suppressor genes such as the two main ones that encode RB (retinoblastoma associated) and TP53
proteins.

Other main characteristics of cancer cells are; evasion of contact inhibition, corruption of
antiproliferative TGF-p pathway (Bierie et.al., 2006; Massague et.al., 2008; Ikushima et.al.,
2010), resistence to apoptosis (by interrupting various mechanisms that control or result in cell
death), inhibition of autophagy that mediates cell death, enabling replicative immortality (by
hyperactivity of telomerases), and angiogenic effects that involve high expression of VEGF and
EGF. Invasion and metastasis are additional futures of cancer cells, which are co-localization
mechanisms of cancer cells in different parts of the body. This happens as a consequence of
inhibition of cell-to-cell adhesion molecule E-cadherin (Cavallaro et.al., 2004; Berx et.al., 2009)



which make cancer cells anchorage independent and activation of EMT program (endothelial to
mesenchymal transition) (Barrallo-Gimeno et.al., 2005; Klymkowsky et.al., 2009; Polyak et.al.,
2009; Thiery et.al., 2009; Yilmaz et.al., 2009). Recent studies also show the existence of
additional capabilities of cancer cells, like avoidance of immune destruction and deregulation of
cellular energetics.

Briefly, in the recent years, the pathogenesis of cancer has been clarified by researchers, that it
evolves through multistep mutagenic process. The cancer cells were recognized to have some main
common characteristics like uncontrolled and limitless potential of proliferation, self-sufficiency
in growth signals, independency from antiproliferative and apoptotic signals. They also trigger
stromal cells to support growth factor production for tumor growth, trigger angiogenesis around
tumor and blood vessels to supply nutrients and oxygen. They avoid immune detection (Kroemer
et.al., 2008) and finally metastasize.

Many of these properties are achieved by cancer cells as a result of genetic alterations, which
includes gain-of-function, mutation, amplification and overexpression of oncogenes; in
combination with loss-of-function mutation, deletion, epigenetic silencing of tumor suppressors.

Additional to these hallmarks of cancer, Luo et.al. proposed some additional properties of cancer
cells (2009). These do not initiate tumorigenesis but common characteristics of tumors. These are
stress phenotypes that involve DNA damage/replication stress, proteotoxic stress, mitotic stress,
metabolic stress, and oxidative stress.

Cellular metabolism of malignant cells are different than normal cells. While normal cells utilize
nutrients with aerobic respiration, malignant cells carry out glycolysis which is an anaerobic
respiration even in the presence of oxygen. This increases the requirement of cancer cells for
glycolysis to produce ATP. This is called “Warburg effect” (Wu et.al., 2009).

1.2. Treatment of Cancer

1.2.1. Anticancer agents

The studies show that, although there are a number of key oncogenes and/or tumor suppressors
that were generally mutated in cancer cells, there were also a high number of alterations in various
genes that cause oncogenesis (Luo et.al., 2009). For example 20% of all kinases were effective in
tumorigenesis (Greenman et.al., 2007), and these various alterations differ due to type of cancer.
This negatively affects developments in cancer therapy since almost each type of cancer is related
with a different set of mutations.

For this reason, a successful therapy must target common specificities of all cancer types and cause
apoptosis, necrosis, senescence, or differentiation. Also the therapies must have a tendency to
affect cancer cells more than healthy cells. Current techniques like radiation and chemotherapy



get use of augmented sensitivity of cancer cells to DNA damage but have failed to provide a
selective cure.

The targeted therapies on the other hand are more promising with respect to selectivity which
makes them more efficient than chemotherapy and radiation.

Considering these requirements for successful therapy, cancer treatment studies were commonly
based on therapeutic targeting hallmarks of cancer cells (Figure 1.3). One of them is suppressing
oncogene activity and enhancement of tumor suppressor activity. Targeting of protein kinase
oncogenes; BCR-ABL (imatinib/Gleevec), EGFR (gefitinib/Iressa, erlotinib/Tarceva), HER2
(trastuzumab/Herceptin) has been proven successful.

In almost all types of tumors the spontaneous DNA damage rate and replication stress are
abundant. Mutations in DNA repair pathways cause additional sensitivity to DNA damage (Harper
et.al., 2007). The studies to enhance DNA damage stress is proven to be successful like ATM and
Chk1 genes. Use of taxol as stress overloading agent was shown to achieve success in treatment
of breast and ovarian cancers by stabilizing microtubules.

Another class of targets recently studied are components of protein maturation pathway, like
chaperons that enhance protein folding and proteases that turn over unfolded proteins. For
example, geldanamycin is used to inhibit ATPase activity which is required for activation of
chaperon HSP90. Moreover, bortezomib was used to treat multiple myeloma by inhibiting
proteosomal degradation (Richardson et.al., 2006).

Also, temperature elevation is used with chemotherapy to trigger protein unfolding by the help of
hyperthermia in treatment of colon, breast, testicular, prostate, liver cancers (Fiorentini et.al.,
2006).

A different route for cancer treatment is to inhibit nutrient uptake and/or utilization by causing
metabolic and cause oxidative stress and to inhibit angiogenesis. Several kinds of drugs and RNA
interference (RNAI) therapies are being designed for enhance these inhibitions in cancer cells. For
example dichloroacetate is used to inhibit pyruvate dehydrogenase kinase can selectively cause
apoptosis in cancer cells.

On the other hand, RNAI knockdown of lactate dehydrogenase (element of last step of glycolysis)
is used to attenuate tumor cell growth. To inhibit angiogenesis, vascular endothelial growth factor
(VEGF) is the major target. Anti-VEGF antibody bevacizumab was developed (Ferrara et.al.,
2004). Additionally sorafenib and sunitinib that target VEGF receptors are shown to be efficient
in treatment of metatstatic renal carcinoma. Imatinib is another anticancer agent successfully used
by Yang et.al. (2008) to inhibit stromal support of tumor growth.
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Figure 1.3: Therapeutic targeting of the hallmarks of cancer (Adapted from Hanahan et.al., 2011).

There are various signaling pathways that can be targeted to inhibit growth of cancer cells and to
cause apoptosis. The elements of these pathways can be unfunctionalized by RNAI therapy. Also,
RNA.i is functional for target discovery. As an advantage of RNAI therapy, partial or complete
knockdown of target protein can be achieved with RNAI therapy. Moreover, only knowledge of
genetic sequence of target gene is essential for treatment, it does not require additional knowledge
like gene’s cellular function or mutational status.
This therapy can be easily applied to animal models, does not require inhibitor development step.
The genome wide screening with RNAI helps discover identical genes that function in cancer
development and the ones that are not involved in.



1.2.2. Cancer treatment techniques

The most widely applied cancer therapies are; radiation therapy, chemotherapy and surgery. A
technique recently getting popular and promising is targeted therapy, sometimes in combination
with gene therapy. The targeted therapy system uses vectors in order to deliver drugs (or genes in
gene therapy cases) to the target cancer cells, avoiding drug delivery to non-cancer or healthy
cells. This method provides efficiency of the therapy and also lowers the amount of drug that is
used per application. Since the administered drug is aimed to the target cells, there is expected to
be less non-specific delivery and the concentration of the drug will be maintained after the
injection. A decrease in drug concentration can cause drug resistance in cancer cells, so it is
important to keep the drug concentration in the range that does not cause drug resistance.

1.2.2.1. Untargeted drug delivery

In normal untargeted drug delivery, the drug is delivered into the body without a carrier system,
by various routes like topical, enteral, or parenteral routes according to the required local or
systemic effect. According to type of drug, targeted body location or system and structural
properties of drug, an efficient delivery route is selected. In topical administration, drug is applied
directly to where its action is desired. Eye drops that involve antibiotics for conjunctivitis are
examples of topical administration. Enteral routes, on the other hand, involves gastrointestinal
pathway for administration and are generally used for supplying drugs for a systemic effect.
Parenteral administration also creates systemic effect but involves routes other than the digestive
tract. For all of these pathways, there are numerous off target healthy tissues and organs which are
affected by drugs which makes this kind of untargeted drug delivery disadvantageous. Since the
drug is distributed to a broader range and affecting not only the target system or tissue but all the
tissues it can reach, only a small percent of the administered drug can achieve its goal. This kind
of drug delivery damages healthy tissues and delays the cure. In order to optimize the
physicochemical properties of a drug in the biological tissue, and thus enhance its efficacy and
safety, a targeted delivery vehicle is needed. According to the structural features of vector, time
and release rate of the drug can be controlled and drug can reach the target site more efficiently.

1.2.2.2. Drug Delivery Systems

Drug delivery systems are constructed in order to avoid disadvantages of drug administration
routes, like systemic toxicity, inactivation and/or degradation of drugs in circulation systems and
unspecificity. Specific and more protective therapy can be provided with targeted drug delivery
systems. In these systems, vectors provide controlled (systemic) or sustained release according to
their design and composition. These systems control the desired time and duration the drug is



desired to be released (Figure 1.4). The drug levels in blood plasma go beyond optimal therapeutic
range which is between maximum desired level and minimum effective level. In order to keep the
drug levels in this optimal range, frequent administration with increased dose levels were tried but
this caused drug toxicity since drug levels in blood plasma went beyond maximum desired level

of drug (Pierigé et al, 2008). Drug delivery systems are useful for keeping the drug levels in blood
plasma in therapeutic range.
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Figure 1.4: Difference between controlled release and conventional systemic release. Red plot

shows drug level in plasma. The region between maximum desired level and minimum effective
level is optimal therapeutic range.
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The type drug release kinetics of drug delivery systems are zero order, first order or Highuchi
kinetics. While conventional delivery mechanisms generally obey to first order kinetics, but in
order to keep the drug concentration constant in plasma, zero order kinetics must be achieved and
this is possible to be provided by a drug delivery system. The mathematical models of these release
Kinetics are represented in Table 1.1.

Table 1.1: Mathematical formulations of release kinetics and applications

Release kinetic . .
Mathematical formula Application

model
Transdermal systems, matrix tablets with low
Zero order Di=kot _y ' .
soluble drugs in coated forms, osmotic systems
First order INDt=InDO0 -ky t Water soluble drugs in porous matrices
. . Transdermal systems, matrix tablets with water
Highuchi Dy = ki t 12 y )
soluble drugs, insoluble matrices
Dt1/3= D01/3_ kHC t .. . .
Hixon-Crowel Tablets that initial geometry is kept constant (ex:

multiple planes parallel to each other)

Adapted from Dash, et.al., 2010.

The abbreviations in Table 1.1 are as follows; D; = released drug amount at time t, Do = drug
amount in the system at time 0, ko = zero Order release constant, ki = first Order release constant,
kr = Higuchi release constant, kic = Hixson-Crowell release constant, Zero order release kinetics
belongs to systems where the release rate of drug does not depend on its concentration
(Hadjiioannou et al., 1993).

When the release rate depends on concentration of drug, the first order release takes place (Bourne,
2002). If the matrix that the drug was embedded is water insoluble, then, Higuchi release kinetics
is observed. Finally, for the Hixson-Crowell cube root law takes place when the volume of
matrices changes over time (Hixson and Crowell, 1931). These systems are much more useful
when the system is a targeted delivery system. This could enhance specificity of drug and prevent
its loss to undesired tissues. Drug delivery vectors are aimed to design according to desired release
kinetics and to target desired tissue.

Vectors are designed as vehicles that have active or passive targeting mechanism. Passive
targeting uses the advantage of structural difference of blood veins in tumor location and the size
of the carrier. The enlargement in pore size the blood vessels near the tumor site allows the vehicles
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to go out of veins into the tissue, and not to the other sites since the vessels are not permeable
enough for the carrier to go out. This is called the Enhanced Permeability and Retention (EPR)
effect.

Active targeting aims at specific binding to cells via receptor- ligand relationship. The specific
membrane surface receptors of separate cancer cells are identified in many cancer types. These
receptors exist only in these cells, or in mucher high amount on the membranes of these cancer
cells than on healthy cells. The surface of the vehicle is, therefore, covered with ligands of these
specific receptors to enhance binding.

The vectors used in drug delivery can be categorized in variable ways. One such classification is
viral and nonviral vectors. Although viral vectors are more efficient in targeting and penetration,
they might also be more immunogenic. The nonviral vectors are less or no immunogenic, however
the efficiencies are not high as the viral vectors.

The advantage of nonviral vectors is the availability of a wide range of materials and techniques
to use in constructing vectors in the desired form and efficiency (Figure 1.5).

Polymers and lipids are mostly used materials used in vector structure. Liposomes are spherical
lipid bilayer structures with hollow cores that carry the drug in the core if hydrophilic or in the
bilipid layer if hydrophobic. The most promising feature of liposomes is their nonimmunogenic
and nontoxic nature. There are a large number of bio or synthetic polymers which are also not
immunogenic or toxic. The advantage of polymeric structures when compared to liposomal
structure can be listed as higher stability, mechanical strength, high variety and high capacity for
modification by many different compounds.
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Figure 1.5: Non-viral drug delivery vectors for nucleic acid delivery.

1.2.3. Particulate systems in cancer treatment

Since current cancer treatments damage healthy cells and cause toxicity to patients, the cancer
drugs must be delivered to cancer cells selectively. For this reason active and passive targeting of
cancer cells are required for cancer treatment. Since tumor vasculature is leaky, EPR effect enables
passive targeting of drugs to tumor site (Maeda et.al., 2000). Nanocarriers first evolved in market
as cancer therapeutics in mid-1990s and they were passively targeted towards cancer tissue. The
examples of nanocarrier based cancer drugs on the market are liposomes and PEG — liposome
combinations (Torchilin, 2005) that are being used to carry doxorubicin (Batist et.al., 2002) and
they were used in treatment of Kaposi’s sarcoma, breast cancer and ovarian cancer. There are
various polymer — protein conjugates that carry styrene maleic anhydride-neocarzinostatin
(SMANCS) (for hepatocellular carcinoma), PEG-L-asparaginase (for acute lymphoblastic
leukemia), PEG-granulocyte colony-stimulating factor (G-CSF) (prevention of chemotherapy
associated neutropenia), and radio immunoconjugates (for non-Hodgkin’s lymphoma) and also
albumin bound paclitaxel nanoparticles (Peer et.al., 2007).
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Although the passive targeting carriers are on the market, they have some limitations like failure
of nanoparticles to diffuse inside tumors (Park et.al., 2002). Since insufficient amount of drug is
delivered to tumor cells, it may induce MDR. To maximize efficiency of these nanocarriers, their
surface can be covered with ligands that selectively bind to cancer cell receptors which can trigger
uptake of nanoparticles. For example, in a breast cancer model ErbB2 receptors were targeted
liposomal doxorubicin was shown to improve therapeutical efficiency.

As targeting agents proteins (generally antibodies and their fragments), aptamers and other
receptor ligands (peptides, vitamins, carbohyrates) are being used.

For rapid and effective therapy with nanocarriers, the structures of nanocarriers are also important.
Nanocarriers for cancer therapy must first be biocompatible. It should provide high uptake
efficiency, and should have a long circulating half-life and it should present low aggregation.
Nanocarriers are 1 — 100 nm sized particles (BSI, 2011) that can carry multiple drugs and due to
their high surface to volume ratio, sufficient amounts of ligands can be bound on surface of them.
They can provide controlled release so keep local drug concentration constant during release. The
cancer nanotherapeutics are composed of natural and synthetic polymers and lipids. Their
formulations may vary, like polymer conjugates, polymeric nanoparticles or lipid based
nanoparticles including liposomes, micelles and dendrimers. Carbon nanotubes, gold
nanoparticles are other formations that are being used for cancer therapy (Alonso, 2004; Ferrari,
2005; Duncan, 2006; Couvreur and Vauthier, 2006). There are 12 polymer drug conjugates that
are currently in Phase I and 1 clinical trials (Duncan et.al., 2006; Satchi-Fainaro et.al., 2006). The
commonly used polymers in use for cancer theraphy are N-(2-hydroxypropyl)methacrylamide
(HPMA) copolymer, poly(-lI-glutamic acid), poly(ethylene glycol) (PEG) and dextran. Usually
doxorubicin, paclitaxel, camptotechin and palatinate are studied for polymer-drug conjugation
studies.

1.3. A novel therapeutic approach to cancer treatment: Inhibition with sSiRNA

Since was first discovered in plants and as a defense mechanism against virus infections. Later it
was discovered in Caenorhabditis elegans and mammalian cells. Small interfering RNA (siRNA)
is around 20 — 25 nucleotide long, double stranded oligomer and serves as an endogenous or an
exogenous natural defense mechanism against viruses and transposons. It regulates
posttranscriptinal mRNA degradation with highly complementary sequences (Tokatlian et.al.,
2010). Since its discovery it has been widely used for silencing gene expression purposes (Fire
et.al., 1998; Hammond et.al., 2000; Elbashir et.al., 2001). It took great interest in cancer therapy
research since it had the possibility to silence oncogenes involved in proliferation, survival,
invasion, angiogenesis, metastasis, inhibition of apoptosis, and chemotherapy and radiotherapy
resistant genes (4-5). Since siRNA and its target are homologues to each other, siRNA silencing
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depends on their complementation with their targets specifically and effectively. In the cell double
stranded RNA (21-23 nucleotide long) is first produced. Once endonuclease, Dicer, recognize this
double stranded RNA, it cleaves it into two fragments which are called siRNA. Later, a protein
complex, RNA induced silencing complex (RISC), becomes associated with antisense strands and
the new RISC complexes target mRNA (Figure 1.6). Once they find target mRNA and
complements it, Argonaute (Ago2) and a RNA endonuclease in RISC complex cleaves the target
MRNA. As a result, protein expression is shut down.

SiRNA is a part of protein expression control and feedback mechanism in eukaryaotic cells. In the
cytoplasm, they are in single stranded form. When they recognize their complementary mRNA
strands which are translated and secreted in to the cytoplasm, they interact with these compatible
strands. RISC factor recognizes and chops up this double stranded oligomer and causes it to
degrade the expression of the target protein expression is, therefore, inhibited (Figure 1.6).

This therapeutic approach requires a vector system to protect and carry it because when applied to
the patient, there are several problems: degradation or inhibition of SiRNA function in the body
degradation in serum, non-specific distribution and tissue barriers preventing its transference. In
order to protect the siRNA from these extracellular risks, chemical modification with PEG,
complex formation with cations and encapsulation in nanoparticles encapsulation are used
(Tokatlian et.al., 2010).

An ideal siRNA delivery system must provide gene silencing strongly, be biocompatible,
biodegradable, nonimmunogenic and bypass rapid hepatic or renal clearance (Ozpolat et.al., 2009)
as well as specificity to cancer cells and appropriate size for extravasation in tumor site.
Nanocarriers have great advantage considering these requirements.

1.3.1. siRNA delivery with nanoparticles

Quantum dots (Tan et.al., 2007), magnetic nanoparticles (Lee et.al., 2009), biodegredable
materials such as natural and synthetic lipids and polymers like poly lactic co-glycolic acid
(PLGA), poly lactic acid (PLA) (Shinde, 2007), polyethylenimine (PEI) (Segura et.al., 2006),
chitosan (Howard et.al., 2006), atellocollagen (Minakuchi et.al., 2004) have been investigated for
use in siRNA nanocarrier construction. Table 1.2 represents nanoparticle formulations that were
used for siRNA delivery. The efficiency depends on the particle’s surface charge, size, and
hydrophobicity. Negatively charged particles are cleared from target location faster than positively
charged particles and positive surface charge also enhances circulation time.
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Figure 1.6: The RNA interference process in mammalian cells. miRNA refers to microRNA and
long precursor microRNA is named as pre-miRNA. First, RNase Il endonuclease Drosha cleaves
pre-miRNA in the nucleus (~70 nucleotide long segments). Exportin-5 carries them to cytoplasm.
There, Dicer cleaves them and mature miRNA are formed. Doubled stranded RNA (dsRNA) is
cleaved by Dicer into siRNA fragments which are incorporated into RISC. After miRNA binds to
RISC, translational repression and mRNA degradation occurs (Adapted from Ozpolat et.al.,
2009).
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Particles up to 100 nm can escape from reticuloendothelial system clearanceand may have longer
circulation period compared to particles bigger than 100 nm. The requirements of a sSiRNA
nanocarrier can be listed as;

e Prevention of siRNA degradation

e Delivery of sufficient concentrations of SIRNA to target location
e Specificity to target cells (with high-affinity ligands)

e To have a controlled release kinetic

¢ Nontoxicity

Targeted therapies for sSiRNA delivery is based on recognition and, if possible, internalization of
the nanoparticles. For this purpose, specific ligands and antibodies are linked on the surface of
nanoparticles (Pirollo et.al., 2008).

Techniques to enhance internalization involve peptide-polymer-lipid complexes (Schaffert et.al.,
2008; Kim et.al., 2009), conjugations or complexations of cell penetrating peptides (CPP)
(Muratovska et.al., 2004; Moschos et.al., 2007) with modification of ligands for receptor mediated
endocytosis (Rozema et.al., 2007; Pirollo et.al., 2008).

Once the siRNA (and the carrier) are in the cells, they are internalized in the endosomal system
with a low pH that destroys the siRNA; here the siRNA has to be protected from endosomal
degradation. In order to avoid endosomal degradation, fusogenic peptides (Oliveira et.al., 2007;
Hatakeyama et.al., 2009), acid responsive polymers or lipids were used to equilibrate acidic pH
of endosomes and protect siRNA from acid degredation (Rozema et.al., 2007; Convertine et.al.,
2009).

One of the pH responsive polymers is PEI and it is the most widely used polymer for this purpose
and functions by complexing with the siRNA thus stabilizing it against pH or enzymatic
degradation (Schaffert et.al., 2008; Kim et.al., 2009). Also, some chemical modifications could
be applied to siRNA to target it to the mRNA (Akhtar et.al., 2007; Rao et.al., 2009).
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Table 1.2: Selected nanoparticles that have been used for siRNA delivery.

Category of
particle

Lipid complex

Conjugated
polymers

Cationic
polymers

Type, form and composition of

carrier Comments
Cationic liposomes Lung toxicity
Neutral liposomes (DOPC) Biodegradable-nontoxic
Lipoplexes
Stable nucleic acid-lipid particles
Polymer-functional peptides
Polymer-lipophilic molecules (e.g.,
cholesterol)
Polymer-PEG
Chitosan Biodegradable-nontoxic
Atellocollagen Biodegradable-nontoxic
PEG Cytotoxicity

Cyclodextrin

Poly-L-lysine

Adapted from Ozpolat et.al., 2009
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1.3.2. Apoptotic effect of EF2K siRNA on breast cancer cells

Eukaryotic elongation factor-2 kinase (eEF2K) is a calmodulin dependent enzyme that inhibits
eukaryotic elongation factor-2 (eEF2) by phosphorylating it. Normally the function of eEF2 is to
trigger translocation of pepdidyl t-RNA from ribosomal A to P site during peptide chain elongation
(Wu et.al., 2009). Phosphorylation of eEF2 by eEF2K decreases the enzyme’s affinity to bind
peptidyl t-RNA and elongation is terminated. Thus, protein synthesis is inhibited. Cancer cells
prefer to prevent protein synthesis since it requires large amount of energy produced by cells. The
cancer cells prefer to use this energy for survival instead.

eEF2K activity was shown to be in increased amounts in breast cancer specimens when compared
with noral adjacent tissue (Chafouleas et.al., 1981). In more recent studies, the cells which have
enhanced proliferation, eEF2K was active, like breast cancer cells (Parmer et.al., 1998), malignant
glioma cells (Bagaglio et.al., 1994), and HL60 leukemia cells (Nilsson et.al., 1995). Conversely,
non-proliferating cells do not exhibit active EF2K, while its activation was shown in cells in G1/S
transition stage of cell cycle (Parmer et.al., 1997).

Moreover, Tekedereli et.al. (2012) has shown that eEF2K regulated cell growth, clonogenicity
and down regulating eEF2K expression using liposomal siRNA inhibited orthopedic tumor growth
in breast cancer model, and it even enhanced efficacy of chemotherapy in athymic female nu/nu
mice. In the study it was mentioned that the down modulation of eEF2K leaded to a decrease in
expression levels of c-Myc, cyclin D1 and increase in that of p27. It was also showed that the basal
activities of c-Src, FAK and Akt was decreased by down regulation of eEF2K.

1.4. Polyethylenimine — Starch Nanoparticles for EF2K siRNA delivery to Cancer Cells

One of the highly efficient polymers in siRNA delivery was shown to be polyethylenimine (PEI)
(Urban-Klein et.al., 2005). PEI has a positive charge due to the amine groups in its structure, it
was studied as DNA-PEI complexes and shown to be highly efficient compared to other positively
charged polymer types like chitosan and poly-I-lysine (Figure 1.7). Additional to it’s highly
attachment capability to cell surface, the transfection efficiency of PEI can also be explained with
“proton sponge effect” of PEI (Akinc et.al., 2005).

Two forms of PEI, linear and branched, are available. Acid-catalyzed polymerization of aziridine
monomers results in randomly branched PEI. Linear PEI is formed by a similar process but at a
lower temperature (Tomalia et.al., 1985; Godbey et.al.,1999). Ethyl-amine repeating units in PEI
are the groups that provide high water solubility to PEI. As a most important characteristic of PEI,
it is very cationic, results from protonation potential of amino nitrogens in every third atom. Every
fifth or sixth amino nitrogen is in protonated form at pH 7.4 (Suh et.al., 1994). Nucleic acid
interactions shift the protonation profile of PEI but still every second to third nitrogen is protonated
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at pH 7.4 and for this reason, compared to other positively charged polymers like poly-I-lysine
and chitosan, it has a higher buffering capacity over a broad range (Boussif et.al., 1995; Tang
et.al., 1997). Various molecular weights of PEI (e.g., 0.7, 2, 25, 50, 70, 800 kDa), and several PEI
derivatives like ethoxylated PEI or epichlorohydrin-modified PEI are also available (Boussif et.al.,
1996; Kichler et.al., 1999).

The binding of PEI-nucleic acid complexes usually happen via electrostatic interactions with
negatively charged cell membrane and this is followed by endocytosis or pinocytosis (Duncan
et.al., 1979; Leonetti et.al., 1990). Recently interactions with positively charged PEI-nucleic acid
complexes and proteoglycans on the cell surface were demonstrated (Labat-Moleur et.al., 1996;
Mislick et.al., 1996) and the interaction was indicated as an essential step for internalization of the
particles (Szoka et.al., 2000).

After the cell engulfs an ingredient, independent of the type of mechanism (non-specific
adsorptive endocytosis, phagocytosis, or receptor mediated endocytosis) it is taken up into
endosomes or other internal vesicles of the cells and the particle still remains separated from
cytoplasm by lipid membrane. Following this, normal cellular trafficking directs the particles to
lysosomes which have an acidic pH and in which nucleic acids are unstable and is degraded. PEI
provides proton-sponge effect and neutralizes the acidic pH, protects siRNA from acidic
degradation, and triggers release of undamaged siRNA to cytoplasm. But the disadvantage of PEI
is its cytotoxicity that results also from its positive charge due to electrostatic interactions with
negatively charged cell membranes (Fischer et.al., 2002).

A number of studies are being investigated to carry SiRNA to target cells by use of PEI (Lungwitz
et. al., 2005; Zinthchenko et. al., 2008). One of the studies showed that the delivery of sSiRNA to
target receptor was successfully achieved in rats by PEI-siRNA complexes and target receptor was
selectively silenced (Tan et. al., 2004). (Whitehead- knocking down barriers: advances in siRNA
delivery). In another study, PEI-siRNA complexes were administered intraperitoneally in a
subcutaneous mouse tumor model and the target protein was silenced successfully while tumor
growth was reduced (Urban-Klein et.al., 2004). Additional studies were focused on reducint
toxicity of PEI by various modifications in PEI structure (Thomas et.al., 2005; Richards Grayson
et.al., 2006; Werth et.al., 2006).

20



A)

H
N
N
a 8
branched
HoN
transfection
B) efficiency
A 1
7
7
loosely binding stimuli-responsive e
carriers: and biodegradable/ s
carriers: 7
e
e
e
7
low-molecular-weight chitosan polyphosphoramidate
bioreducible polyamidoamine
[bioredycible polyethyleneimine

& elastin-like polypeptide
& 7
2 7
2 7
= 5 ’ y .
% PEGylated carriers  ~ tightly binding

R carriers:

e
4
e
4
7 high-molecular-weight polylysine
7
e high-molecular-weight chitosan
> 7
4
7
7
7
7
4 >
DNA protection

Figure 1.7: Structure of PEI (A) and comparison of DNA protection and release of PEI with other
positively charged polymers (adapted from Grigsby et.al., 2009) (B).
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The aim of this study was to construct a vector that efficiently delivers apoptotic siRNA into the
target cancer cell. In this study, PEI/starch nanospheres were prepared to deliver EF2K siRNA to
MCF 7 breast cancer cells.

The target protein was chosen to be the elongation factor 2 kinase (EF2K) which phosphorylates
EF2 and activates it, which plays a role mainly in protein expression. Inhibition of EF2 can
decrease speed of protein translation, thus required growth of cells, therefore leads to autophagy,
followed in later steps by apoptosis (Tekedereli et.al., 2012).

An important characteristic of an efficient delivery vector is its transfection efficiency. It should
recognize, attach, and transfect the target cell in order to release its payload efficiently. Positive
surface charge enhances transfection efficiency since it helps attach the negatively charged cell
surfaces (Richards et.al., 2006), and this can be provided by using positively charged polymers on
the surface or in the whole structure of the vector. In this study, PEI serves both to complex with
starch to form a particle and also help the particle attach cell surfaces.

The vector composed of PEI and siRNA can be designed to decrease its toxicity. This can be
achieved by combining PEI with a nontoxic (uncharged) polymer. An optimal amount of nontoxic
polymer could decrease the toxicity that amine groups of PEI cause. In a study, starch was used to
decrease toxicity of highly positive polymer poly (I-lysine) (PLL) for construction of a gene carrier
(Suyao et.al., 2004).

In this study, starch was selected to be used as a nontoxic biopolymer. Hydrogel structure of starch
was thought to be an appropriate property drug delivery purposes (Santander-Ortega et.al., 2009;
Malafaya et.al., 2006). For this reason, starch was selected to be used in this study.

Since both polymers are (PEI and starch) hydrophilic, a nanoparticle composed of them is
expected to be unstable in a hydrophilic environment. In order to enhance the stability of the
nanoparticle in blood, an additional stabilization (crosslinking) step was required in the
construction progress. If amine groups of PEI in the outer surface of the nanoparticles were to be
crosslinked with a crosslinker, it would decrease the charge and the cytotoxic effects of PEI while
providing stability to the nanoparticles as a result of the crosslinkage.

Genipin was shown to be an efficient and nontoxic crosslinker among other generally used protein
crosslinkers like glutaraldehyde and formaldehyde (Sung et.al., 1999) and like gluteraldehyde it
crosslinks protein structures by binding two amine groups together (Liang et.al., 2002). For this
reason genipin was chosen to be used as the crosslinker of primary amine groups of PEI in and on
the surface of PEI — starch nanoparticles (Figure 1.8).
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Figure 1.8: Crosslinking of PEI with Genipin.

The spheres were designed to follow the route shown in Figure 1.9 at the end of which siRNA is
separated into single strands. The single stranded siRNA would then find the target mRNA in cell
and bind to it. RISC factor would arrive and chop up this combined structure and protein
expression would be inhibited.

In order to complete this route, physicochemical properties of the PEI — Starch nanoparticles had
to be optimized. In this study, characterization and efficiency tests crucial for this sSiRNA delivery
approach were carried and the results were discussed.
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Figure 1.9: siRNA delivery route of PEI-Starch nanospheres

Since there is not a study present in literature about a drug delivery vector composed of a blend of
PEI and starch, PEI-starch nanoparticles used in this study is proposed as a novel carrier system
for drug delivery. This novel carrier system was first used in this study to deliver EF2K siRNA to
MCF 7 breast cancer cells.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

Polyethylenimine (PEI, branched), Elongation factor 2 kinase siRNA (EF2K siRNA), insulin
human recombinant, insulin (from bovine pancreas), fluorescein isothiocyanate isomer | (FITC),
Tween 80, corn oil, penicillin/streptomycin were purchased from Sigma-Aldrich Corporation
(USA). Starch from potato (soluble, extra pure) was purchased from MERCK. Mini Sart single
use filter unit (0.20 um, for filtering water phase in nanoparticle preparation procedure) was
purchased from Sartorius Stedim Biotech (Germany). Genipin was purchased from Wako
Chemicals (USA).

Human breast cancer cells (MCF7) were obtained from American Type Culture Collection (No:
HTB-22™, ATCC). PAGEr Precast Gels, Dulbecco’s Modified Eagle Medium (DMEM, low
glucose), and fetal bovine serum (FBS) were purchased from Lonza (Switzerland). L-Glutamine
was purchased from Biochrome (Germany) and vancomycin was purchased from Hospira (USA).
RIPA Buffer (10x) was purchased from Cell Signalling Technology (USA). Protease inhibitor
Coctail was purchased from BM (Ankara). BCA Protein Assay Kit was purchased from Novagen-
EMD4Biosciences (EMD Millipore, USA). EF2K siRNA, Alexa-555 labelled siRNA, Control
siRNA, EF2K primary antibody, anti-rabbit secondary antibody were gifts from Dr. Biilent
Ozpolat, MD Anderson Cancer Center (USA).
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2.2 Methods

2.2.1. Preparation of Polyethylenimine-Starch Nanoparticles

Polyethylenimine-starch (PEl-starch) nanoparticles were prepared by water-in-oil (w/0)
microemulsion method. Water phase contained 5% Tween 80 as surfactant, PEI (10 mg/mL) and
starch (10 mg/mL), which were all dissolved in distilled water. The water phase was added
dropwise into corn oil (oil phase) in a proportion of 1:20 while the corn oil was being stirred on
magnetic stirrer at 700 rpm. The emulsion was stirred overnight in order to make the particle sizes
uniform. The nanoparticles were separated from oil phase by centrifuging the emulsion at 15 000
rpm (24 150 RCF) for 40 min (rotor: 15156-H Sigma, 3K30). Later the nanoparticles were washed
with distilled water and centrifuged. Supernatant was discarded and pellet with the nanoparticles
was resuspended and incubated in genipin solution (% 0.5, in PBS) for 48 h for crosslinkage. The
nanoparticles were washed twice with distilled water and ethanol, at centrifugation conditions of
15 000 rpm for 40 min (rotor: 15156-H Sigma, 3K30). The last pellet was resuspended in distilled
water and frozen at -20°C for lyophilization. The nanoparticles were lyophilized for 10 h and
observed under SEM (FEI Quanta 200 FEG SEM, USA).

The size and charge measurements of the nanoparticles were made with Brookheaven ZetaPALS
Zeta Potential and Particle Size Analyser (USA) at METU Central Laboratory.

2.2.1.1. Preparation of PEI-Starch nanoparticles with different PEl/starch (w/w) ratios

Since the nanoparticles differ in their charge and cytotoxicity due to their PEI content,
nanoparticles with different PEI/starch ratios were prepared in order to choose the optimum ratio
for less cytotoxicity and appropriate positive charge. The PEI and starch solutions which were the
components of water phase were mixed in different PEl:starch ratios (PEl:starch (w/w) 9:1, 3:1,
1:1, 1:3, 1:9). The charges of PEl-starch nanoparticles with different PEIl/starch ratios were
determined with Malvern Nano ZS90 Zeta Potential and Mobility Measurement Instrument (UK).
Cytotoxicities of each batch were tested with MTT cell viability assay (Mosmann et.al., 1983).
The moles of amine groups in PEI per moles of phosphate groups in siRNA (N/P ratios) (Zhao
et.al., 2009) were calculated for each of the PEl:starch ratios. They were 0.4, 1, 2, 3 and 4 for the
PEl:starch (w/w) ratios of 1:9, 1:3, 1:1, 3:1 and 9:1 respectively.
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2.2.1.2. Preparation of control siRNA, EF2K siRNA, Alexa-555 labelled siRNA Loaded PEI-
Starch Nanoparticles

Control siRNA, EF2K siRNA, Alexa-555 labelled siRNA loaded PEI-starch nanoparticles were
prepared separately, by adding siRNA into the water phase (1%, siRNA:PEI (w/w), 1:10 in
RNase/DNase free water). siRNA loaded nanoparticles were prepared according to the procedure
described in section 2.2.1.1. Since the zeta potential measurement of the unloaded nanoparticles
with 9: 1 PELI: starch ratio found was to be positive (8.7 mV), this ratio was used in this preparation
method.

2.2.2. Characterization

2.2.2.1. Nanoparticle Topography with SEM

EF2K siRNA loaded PEIl-strach nanoparticles were applied onto carbon tapes (Electron
Microscopy Sciences, USA), attached to SEM stubs, and Au-Pd sputter coating (10 nm) was
performed under vacuum before the SEM study with QUANTA 400F Field Emission SEM
(Netherland). The diameters of the nanoparticles were measured from the SEM images using the
Image J software (NIH).

2.2.2.2. Particle Size Distribution and Surface Charge of PEI — Starch Nanoparticles

Size distribution and charge of empty and siRNA loaded PEI-starch nanoparticles were measured
by Brookhaven ZetaPALS Zeta Potential and Particle Size Analyzer (USA). The nanoparticles
were not lyophilized for this step. After the last centrifugation of washing step, the pellet of
nanoparticles was resuspended in distilled water and loaded into size and charge measurement
cuvettes, respectively.

2.2.2.3. Release kinetics of PEI- Starch Nanoparticles

In the release tests, insulin (5,800 Da) which is soluble in physiological pH (pH 7.365) was used
as model drug due to its similarity in molecular weight with a typical siRNA (= 6,000 Da). Insulin
loaded PEI-Starch nanoparticles were prepared in order to analyze the release behavior of
nanoparticles. First, FITC was bonded to insulin (Sigma Aldrich, AJH 8/08) in order to obtain
insulin concentration dependent spectroflurometric absorbance from the release medium. The
PEl-starch nanoparticles were prepared according to the procedure in Section 2.2.1. Genpin
crosslinking step was done in order to crosslink amine groups in insulin, instead of amine groups
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in siRNA. The FITC tagged insulin (FITC-insulin) was loaded into nanospheres by adding the
determined amount of FITC-insulin in water phase (1:10, FITC- insulin:PEI, (w/w)). The
nanoparticles were resuspended in distilled water (1 mL) after the last washing step, then moved
into dialysis tubing (SnakeSkin, MW 10,000 cut off, pleated, Thermo Scientific, USA). Ultrapure
water was used as release medium (5 mL). This medium was kept shaking in Innova shaker
incubator (Eppendorf-New Brunswick, USA) at 37°C, 25 rpm for a week. The amount of FITC-
insulin that was released into distilled water was measured by Shimadzu Spectrofluorophotometer
RF-5000 each day and loading efficiency of the nanoparticles was estimated according to total
released FITC-insulin amount in a week.

2.2.3. Invitro Studies
2.2.3.1. Determination of Cytotoxicity of PEI-starch Nanoparticles

MCF7 breast cancer cell line (passage no 5) were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, low glucose) supplemented with 1% L-glutamine, 10% fetal bovine serum, 1%
penicillin/streptomycin and 1% vancomycin. The cells were maintained in an incubator with 5%
CO2 at 37°C (Sanyo MCO-17AIC, Japan). When the cells became confluent, they were detached
from the flask by treatment with trypsin-EDTA solution (3 mL, 0.05% in PBS) for 5 min. Then
culture medium (6 mL, supplemented with %1 L-glutamine, 10% fetal bovine serum, 1%
penicillin/streptomycin and 1% vancomycin) was added to the flask to inhibit trypsin activity. The
cell suspension was centrifuged (3000 rpm, 5 min) and the pellet was resuspended in the medium
(2 mL, 1% penicillin/streptomycin, 1% vancomycin, 10% FBS) (SOP-METUBMO2, 2006). The
cells were counted with Chemometec NucleoCounter (Denmark) and 10,000 cells were seeded
onto 24 well tissue culture plates (TCPs).

Cell numbers were determined with the MTT assay (Mosmann et.al., 1983). The 24 well plates
seeded with 10,000 MCF7 cells were incubated (5% CO>, 37°C) for 4 h in order to achieve cell
attachment on TCPS. The medium was removed and PEIl-starch nanoparticles which were
suspended in the culture medium in increasing concentrations (25, 50, 75, 100 pg particles/mL)
were added to the wells containing the cells which were then incubated (5% CO-, 37°C) for 24 h.
The medium was removed, the wells were washed twice with sterile PBS and then MTT solution
(1 mL) was put into each well and incubated for 3 h (5% CO, 37°C) for formazan crystal
formation. The MTT solution was gently removed in order to prevent cell detachment, acidified
isopropanol (1 mL) was put in the wells and formazan crystals were dissolved. Aliquots of
formazan solution (200 pL) were put in a 96- well plate in triplicates. Absorbances were measured
at 550 nm against the blank (acidified isopropanol) using a UV spectrophotometer (Thermo
Scientific Multiscan Spectrum, Type 1500, USA) and the absorbances were converted to number
of cells by a calibration curve (Appendix A.1). The results were evaluated by comparing the
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experimental group with the control group at the same time points. All the experiments were
conducted in triplicate and cell-free medium was used as the blank.

2.2.3.2. PEI - Starch Nanoparticle Uptake by MCF7 cells

MCF 7 cells were used to determine penetration of nanoparticles into the cells. Culture medium
was DMEM low glucose supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin
(200 unit), 1% vancomycin and 1% I- glutamine.

MCF 7 cells were seeded at a density of 100,000 into each well of 24-well plate and they were
incubated in culture medium for 24 h (5% CO,, 37°C). Then, Alexa 555 labeled siRNA loaded
PEI — starch nanoparticles (0.2 nmol siRNA/well) suspended in the culture medium were added
to the wells containing the cells. After 24 h of incubation, cells were fixed with paraformaldehyde
(4%, 1 mL), stained with 4',6-diamidino-2-phenylindole (DAPI) and FITC-phalloidin for nucleus
and cytoskeleton, respectively.

Fluorescent stains, FITC phalloidin and DAPI were used after 100 and 500 fold dilution,
respectively, of the stock solution in BSA-PBS solution (0.1 %, w/v).

After incubation, medium was removed and Triton X in PBS (1 % v/v, 1 mL) was added onto the
cells. Cells were kept at room temperature for 5 min to achieve permeation and then cells were
washed with PBS. Solution of BSA in PBS (1% wi/v, 1 mL) was added to the cells and incubated
for 30 min at 37°C. FITC-Phalloidin (1 mL) was then added in each well and incubated at 37°C
for 1 h. Then cells were washed with PBS again. After staining process, nanoparticles and cells
were examined under fluorescence microscope (Olympus 1X-70, Japan) and confocal microscope
(Leica DM2500, Germany). FITC-Phalloidin was detected after excitation at 532 nm and emission
at 605-635 nm. In order to study particle penetration into the cells, z-stacks were obtained.

2.2.3.3. Transfection efficiency of EF2K siRNA loaded PEI —Starch Nanoparticles

The transfection efficiency of EF2K siRNA loaded PEI-Starch nanoparticles were analyzed with
Western blotting (Brunette et.al., 1981). MCF 7 cells were used to achieve transfection of
nanoparticles into the cells. The cells were treated with EF2K siRNA loaded PEI-Starch
nanoparticles in conditions described in Section 2.2.3.2. After 24 h of incubation with the
nanoparticles, the cells in each well were washed with PBS and then trypsinized as described in
section 2.2.3.1. After the last centrifugation, the cells were resuspended in PBS. The cell
suspension was centrifuged again (3000 rpm, 5 min). After moving out supernatants, pellets that
include cells were resuspended with 50 pL of RIPA Buffer containing 10% protease inhibitor
cocktail. The pellet tubes and lysis buffer were kept on ice. The pellet tubes were vortexed for 30
sec for 3 times, with 10 min intervals. The tubes were centrifuged (13 000 rpm, 10 min) and
supernatants that include proteins were moved into new tubes. Protein concentrations of each
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sample were determined by BCA Assay (Smith et.al., 1985) and the concentrations were
equalized. After loading buffer was added into each sample, the samples were loaded into wells
of 4-12 % PAGEr Gold precast gels (Lonza, USA) and gel electrophoresis was run at 50 V until
samples leave wells completely. Then, for the resolving gel, the voltage was increased to 100 V
and gel electrophoresis was run until the dye which shows the location of samples reached near
the bottom of the gel electrophoresis cassette. The gel was taken out and prepared for western
blotting. Western blotting was done at 22 V overnight. The membrane was stained first with EF2K
primary antibody, then with anti-rabbit secondary antibody. Finally, film was developed to
compare thickness of separate bands demonstrating each sample.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Preparation of PEI — Starch Nanoparticles
3.1.1. Size and Zeta potential of PEI-Starch Nanopatrticles

The mean diameter of PEI:Starch nanoparticles (unloaded) was 60.3 nm (Figure 1A) and for EF2K
siRNA loaded nanoparticles it was 84.6 nm (Figure 1B). Thus, there was a significant increase in
size after siRNA was loaded into the nanoparticles. This can be a result of the increase in the
concentration of water phase during nanoparticle preparation, which involves siRNA. Also,
negatively charged phosphate groups of SiRNA interact with the positively charged amine groups
in PEI, and since genipin crosslinks the amine groups of PEI, this causes less crosslinking. A
decrease in crosslinking causes an increase in the particle size.

A previous study about crosslinking efficiencies of gelatin microspheres (Liang et.al., 2002)
showed that the size of genipin crosslinked gelatin microspheres was smaller than that of
glutaraldehyde crosslinked counterparts, as a result of heterocyclic crosslinking mechanism of
genipin. This crosslinking structure results more intense crosslinking than gluteraldehyde with
network crosslinking structure.

The diameter of EF2K siRNA loaded nanoparticles (84.6 nm) is an appropriate size for passive
targeting to solid tumors due enhanced permeability and retention (EPR) effect in which enhanced
permeability of veins in the vicinity of the tumor tissue enables extravasation of the nanoparticles
at such sites (Brannon-Peppas et.al., 2012).
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Figure 3.1: Size distribution of PEI-starch nanoparticles A) Unloaded (60.3 nm) and B) EF2K
siRNA loaded (84.6 nm).

Surface charge is quite crucial for attachment of nanoparticles to cells and high transfection
efficiency is achieved with particles with positive surface charge (Witstrand et.al., 2006).

For this reason, PEI-starch nanoparticles with different PEl/starch (w/w) ratios were constructed
and their Zeta potentials were measured (Figure 3.2). Increasing PEI amount was shown to
increase the surface potential of nanoparticles.
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Figure 3.2: Surface potential of PEI-starch nanoparticles with different PEI: starch ratios (PEI: S
refers to PEI: Starch ratio (w/w)).

It is observed that, as expected, as the PEI content increases (from 1:9 to 9:1), so does the Zeta
Potential of the nanoparticle surfaces (from -3 to 8.4 mV).

Since positive surface charge enhances the interaction of nanoparticles with cells, NP 9:1 is the
most advantageous of all others. Since it is shown that positive charge also has a disadvantage; it
causes cytotoxicity (Hunter et.al., 2010), the cell viabilities of MCF 7 cells that are treated with
PEl-starch nanoparticles in different PEI: starch (w/w) ratios were also tested with MTT cell
viability assay for their cytotoxicity.
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3.1.2. Morphology and size of PEI- starch nanoparticles

SEM micrographs of siRNA loaded PEIl-starch nanoparticles, with 9:1 PEI: starch (w/w) ratio
(Figure 3.3) were obtained and from them their diameters were measured with NIH Image J
program. Since Zeta sizer measurements showed that loaded particles were larger compared to
unloaded particles, they were also measured with SEM. The mean diameter of this loaded particle
was found as 58+17 nm.

For siRNA loaded PEI-starch nanoparticles, the mean diameter in zeta size measurements (84.6
nm) is approximately 20 nm higher than Image J mean diameter calculations (58+17 nm). This
deviation could arise due to agglomeration since zeta size measurements cannot detect particle
agglomeration and if clumps are involved in mean diameter calculations then it would be larger.
The process conditions in emulsion based nanoparticle preparation method like concentration of
water and oil phases, the rotation speed of magnetic mixer used in emulsification and
emulsification duration effect directly the size of nanoparticles (Liang et.al., 2002). In this study,
genipin is an additional parameter that affect size. The concentration of genipin and duration of
crosslinking are also important parameters for size of PEIl-starch nanoparticles. The size of
particles can be modified according to the application aimed at.

The clumping of particles can be controlled by surfactants (Menon et.al., 2011). So the type and
concentration of surfactant can be optimized in order to decrease or prevent clumping of
nanoparticles.

3.2. Release kinetics of PEI- starch nanoparticles

The release tests to substitute for siRNA release were done using FITC-labeled insulin loaded PEI-
starch nanoparticles. Insulin was preferred due to its comparable molecular weight (~5,800 Da)
with siRNA (~13,000 Da). During the release studies, the particles were incubated in a shaking
water bath at 37 °C in a dialysis tubing (with a 10,000 Da cut off). Amount of insulin in the release
medium was determined daily by measuring the absorbance of FITC in the medium by
spectrofluorometry at Aex 490 nm and Aem 525 nm daily (Calibration curve of FITC-insulin is
presented in Appendix A.2). The cumulative insulin released is presented in Figure 3.4. The
concentration on 8" day was assumed as the final release concentration since in following three
days the FITC fluorescence did not changed at all.

Nanoparticles released 50% of their content within 2 days, and all of their content in 8 days. This
suggests that PEI-starch nanoparticles can achieve a prolonged release of a molecule the size of
SiRNA.

The temperature and pH of release medium have been reported to strongly affect drug release
kinetics of nanoparticles (D’Souza et.al., 2005; Faisant et.al., 2006). Additionally, the ratio of
(particle mass exposed to release medium/volume of release medium) (w/v) has been shown to
affect release kinetics since rate of pH change resulting from degradation products (generally
decrease pH of medium) can differ among different volumes of release medium and this pH
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change can cause changes in release profile, like increasing release rate and triggering burst release
(Close et.al., 2010).
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Figure 3.3: Morphology of PEI — starch nanoparticles. Magnifications: A) x 49,131 and B) x
120,000.
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Figure 3.4: Release of FITC-labelled insulin from PEIl-starch nanoparticles. Fluorescence
intensity was measured at Aex=490 nm and Aem = 525 nm.

Generally buffers (PB, PBS, TE, etc.) at biological pH (pH 7.4) are being used in release studies
(Patil et.al., 2009; Rujitanaroj et.al., 2011; Chen et.al., 2012).

Alexa-555 labelled siRNA can be used instead of insulin to obtain a more realistic data.

Genipin was preferred in order to crosslink amine groups of PEI. Since genipin has bulky
heterocyclic crosslinking structure the relaxation happens more slowly compared to
glutaraldehyde crosslinking (alternative amine crosslinker) which has a network crosslinking
structure. A Fickian diffusion is more closely achieved with genipin crosslinked microspheres
(Liang et.al., 2002). That means slower degradation of nanoparticles, which is required in
controlled release systems, is possible with genipin crosslinking.

3.3. In vitro Studies
3.3.1. Cytotoxicity of PEI-Starch Nanoparticles

Although a positive surface charge increases transfection efficiency, increasing this positive
charge also leads to increasing cytotoxicity by these nanoparticles. In order to choose an optimal
surface charge with an acceptable level of cell viability, PEI-starch nanoparticles with different
PELI: starch (w/w) ratios were tested for their cytotoxicities (Figure 3.5). The viabilities observed
with MCF7 cells were 90.7, 86.6, 85.6, 81.9, and 78 % for 1.9, 1:3, 1:1, 3:1, 9:1 ratios of PEI:
Starch (w/w), respectively (Calibration curve of MCF 7 cells is presented in Appendix B).

This shows that cell viability decreases gradually with increasing PEI content in the composition
of the nanoparticle. Although PEI-starch nanoparticles with 9:1 PEI: Starch ratio (NP 9:1) were
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the most cytotoxic (78 % viability) compared to other, less toxic, nanoparticles, it was
advantageous to use because it is the only one among them with a positive surface charge (Zeta
potential 8.7 mV).

Among a large number of polycations, 25 kDa branched polyethylenimine is the most prominent
with its higher condensation ability due to high amount of primary amine groups in its structure,
thus, higher efficiency in transfection and higher cytotoxicity (Parhamifar et.al., 2010). Recent
studies show that polyplex induced cytotoxicities depend on complicated mechanisms that involve
necrotic and apoptotic pathways and need to be studied further (Hunter et.al., 2006). A way to
decrease cytotoxicity was shown to blend the polycations with anionic polymers.
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Figure 3.5: Viability of MCF 7 cells treated with unloaded PEI — starch nanoparticles with PEI:
starch (w/w) ratios of 1:9, 1:3, 1:1, 3:1 and 9:1.

Starch, as a polar polysaccharide, was previously used in combination with cationic polymers both
to bind specific ligands in order to achieve specific gene delivery (Thiele et.al., 2010) and to
optimize the charge of cationic polymers (Suyao et.al., 2004). In this study, starch was used in
order to both provide spacing in nanoparticle structure and balance excessive presence of positive
charges of PEI with the hydroxyl groups in its structure. As a result, as PEl amount decreased after
injection with starch, a higher percent of cell viability is achieved.
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3.3.2. Transfection of MCF 7 cells treated with Alexa-555 siRNA loaded PEI- Starch
nanoparticles

After translation, the proteins are released into the cytoplasm to join their own cellular pathways,
and the silencing of proteins by siRNA is achieved in the cytoplasm (Hunter et.al., 2010). For this
reason, PEI-starch nanoparticles had to release their sSiRNA content in the cytoplasm. In order for
the nanoparticles to effectively release EF2K siRNA into the cytoplasm, they had to transfect the
target MCF 7 cells.

In order to observe the movement and uptake of the nanoparticles by MCF 7 cells, PEI-starch
nanoparticles were loaded with Alexa-555 labelled siRNA and used to treat the cells. The cells
were observed with CLSM (Figure 3.6).

In this figure phalloidin that is excited at 532 nm shows the actin filaments, and therefore, the
cytoskeleton of the MCF 7 cells, (green). Red fluorescence originates from PEI-starch
nanoparticles loaded with Alexa-555 labelled siRNA. Since Alexa-555 is excited both at 488 nm,
and also at 635 nm it gives both red and blue fluorescence, respectively.

It is observed that the PEI-starch nanoparticles were concentrated around the MCF 7 cells. Yellow
or orange colors on the cells could be due to the nanoparticles inside the cells. These show that
the nanoparticles were affiliated with the cells, but this is not specifically an indicator of uptake
by the cells. Z- stack images could be an additional support of uptake. In this experiment, MCF 7
cells were very concentrated (100,000 cells /well in 24 well plate) and because of their clumping
nature they were very thick to obtain z-stacks and x60 images.

As a future study, in order to show uptake, less concentrated MCF 7 cells that are treated with
Alexa — 555 labelled siRNA loaded nanoparticles can be used, and stained with DAPI and
phalloidin and both fluorescence microscopy and z-stack (CLSM) micrographs can be obtained.
That can show the location of the nanoparticles around nucleus and in combination with z-stack
images these can be a reliable indicator of nanoparticle uptake.

Previously, Gilleron et.al. (2013) concluded that only a minor fraction of internalized siRNA could
escape from multivesicular system after cellular uptake of siRNA loaded liposomes. This indicates
that escape from endosomal compartments is the critical step in efficiency of gene silencing. In
order to observe intracellular pathway of PEIl-starch nanoparticles and release of siRNA,
fluorescence labelled siRNA loaded PEI-starch nanoparticles could be observed with confocal
microscopy and in order to visualize siRNA localization in intracellular organelles, probe labelling
methods could be used additionally as Sahay et.al. and Guilleron et.al. (2013) mentioned in their
studies with liposomes.
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Figure 3.6: Confocal microscopy of MCF 7 cells treated with Alexa-555 labelled siRNA loaded
PEI-starch nanoparticles. A) x 20, B) x 40 and x 20 C,) fluorescence image of MCF 7 cells at 532
nm, C,) fluorescence image of Alexa-555 labelled siRNA loaded PEI-starch nanoparticles at 483
nm, Cs) transmission image of MCF 7 cells,

C.) overlay of C; and C;
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3.3.3. Efficiency of delivery of EF2K siRNA by PEI-Starch nanoparticles to MCF 7 cancer
cells

The efficiency of treatment of PEI-starch nanoparticles with MCF 7 cancer cells was studied with
western blot analysis (Figure 3.7). EF2K siRNA and MCF 7 cells were chosen for the western blot
test since it is shown that EF2K siRNA is the inhibitor of breast cancer cell growth (Tekedereli
et.al., 2012). Untreated MCF 7 cells and MCF 7 cells treated with unloaded nanoparticles were
used as the negative controls.

The experiment was performed in two different sets and one of the sets was studied in triplicates
in order to test precision of results (Appendix C). When the B-actin levels were compared it was
observed that the intensities of the bands that correspond to B-actin differed slightly. This probably
was caused by unequal loading of proteins into the polyacrylamide gel, or, by inefficient
separation of the proteins from cell lysates.

B - Actin - 9 @

Figure 3.7: Western blot membrane images of MCF 7 cells treated for 72 h with various batches
of EF2K siRNA loaded nanoparticles (NP1, NP2, NP3) (100 nM EF2K siRNA and 100,000 cells
per well).
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The amounts of negatively charged phosphate groups in the chemical structure of siRNA and
positively charged amine groups in PEI play an important role in binding efficiency of PEI to
siRNA. For this reason, N/P ratio (the ratio of moles of amine groups of cationic polymers to
moles of phosphate groups of genetic material) has become an important parameter for
transfection efficiency (Grayson et.al., 2006; Zhao et.al., 2009; Utsuno et.al., 2010).

For the studies made by 25 kDa branched polyethylenimine, it was shown that N/P ratios from 4
to 10 had a quite strong binding between PEI and DNA (Grayson et.al., 2006). The N/P ratio of
PEI-starch nanoparticles with 9:1 PEI: starch ratio (w/w) was 4 in this study and this made the
nanoparticles a good carrier for siRNA. According to western blot data, the PEI-starch
nanoparticles transfected MCF 7 cells efficiently. This supports the idea that N/P ratio 4 is suitable
for siRNA transfection.
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CHAPTER 4

CONCLUSION

A novel siRNA carrier to initiate apoptosis in breast cancer cells was aimed to be constructed. In
literature 25 kDa branched polyethylenimin was studied in myriad of gene delivery studies and
shown to be the most efficient polycation in gene delivery (Neu et.al., 2005). The disadvantage of
the polymer was its cytotoxic behavior. Many different approaches were studied and continuing
to be studied in order to decrease cytotoxicity of PEI mainly depending on causing structural
changes in structure of PEI (Kircheis et.al.,2001). Among these studies, PEI-starch blend was not
studied before and due to the natural and anionic structure of starch, it is thought that it would
efficiently make complex with PEI and decrease its cytotoxicity. Considering this, PEI-starch
nanoparticles were aimed to be constructed as nanocarrier for delivery of apoptotic SiRNA into
cancer cells. In order to check if their physical structuras are suitable for siRNA delivery,
characterization tests were done. Zeta size measurements show that they are in suitable size range
for EPR effect of tumor site and endocytosis. SEM micrographs and NIH Image J size
measurements were consistent with data obtained from Zeta sizer. Zeta potential measurements
revealed that their charge were increasing as PEI content in them increased. The PEIl-starch
nanoparticles with 9:1 PEl:starch (w/w) ratio showed optimal characteristic futures. It had a
positive surface charge and desirable size was also obtained for this ratio as NIH Image J
calculations revealed. The cytotoxicity was also tested and percent of cell viability was also in
desirable range. The uptake and transfection efficiencies were checked with CLSM and western
blot. The nanoparticles were shown to affiliate with MCF 7 breast cancer cells and they were able
to silence EF2K protein almost totally.

These results show that the PEI-starch nanoparticles are optimal in size, charge, release kinetics
and efficiency in delivery of their content, which make them a novel siRNA delivery vector.

4.1. Future Work

Characterization and efficiency of nanoparticles were tested. Although the results are very
promising, some of them may have to be repeated in order to increase reproducibility. For
example, gel electrophoresis should be repeated in order to show EF2K decrease with equal p—
actin levels.

Although molecular weights of insulin and a typical siRNA are similar, there is a considerable
difference between their 3D structures. For this reason, the release studies must also be repeated
by using Alexa-555 labelled siRNA loaded nanoparticles. Also, the release media may be changed
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from ultrapure water to 50% FBS, in order to mimic the environment that the nanoparticles are
aimed to be delivered in body.

In order to show uptake more accurately, the samples can be stained with DAPI and locations of
nanoparticles around DAPI could be observed with fluorescence microscopy. When these images
were compared with CLSM images, we can learn much more about location of nanoparticles in
or around cells.

PEI — starch nanoparticles have potential to be an efficient vector for sSiRNA delivery to cancer
cells. Additional tests and studies should be performed for development of the nanoparticles. PEI-
starch nanoparticles are aimed to be delivered intravenously. For this reason, interaction of
nanoparticles with blood ingredients should be checked by an additional hemacompatibility test.

The next step of development for the nanoparticles may be coating of nanoparticles with functional
ligands specific to target cancer type, thus, achieve active targeting. Aptamers could be used in
order to construct a highly selective surface around nanoparticles.

A final step would be animal studies. Tumor gained nude mice could be used to test the efficiency
of the nanoparticles in localization and also in treatment.

44



REFERENCES

Alonso M. J., Nanomedicines for overcoming biological barriers, Biomedical Pharmacotherapy,
58, 168-172, 2004.

Akinc A., Thomas M., Klibanov A. M., et. al., Exploring polyethylenimine-mediated DNA
transfection and the proton sponge hypothesis, The Journal of Gene Medicine, 7(5), 657-663,
2005.

Akhtar S., Benther I. F., Nonviral delivery of synthetic siRNA in vivo, Journal of Clinical
Investigations, 117(12), 3623-3632, 2007.

Bagaglio D.M., Hait W. N., Role of calmodulin-dependent phosphorylation of elongation factor
2 in the proliferation of rat glial cells, Cell Growth and Differentiation, 5,1403-1408, 1994,

Barrallo-Gimeno A., and Nieto M.A., The Snail genes as inducers of cell movement and survival:
implications in development and cancer, Development, 132, 3151-3161, 2005.

Batist G., et.al., Myocet (liposome-encapsulated doxorubicin citrate): a new approach in breast
cancer therapy, Expert opinion on pharmacotherapy, 3(12), 1739-1751, 2002.

Berx, G., van Roy F., Involvement of members of the cadherin superfamily in cancer, Cold Spring
Harbour Perspectives in Biology, 1, a003129, 2009.

Bierie B., Moses H.L., Tumour microenvironment: TGFbeta: the molecular Jekyll and Hyde of
cancer, Nature Reviews Cancer, 6, 506-520, 2006.

Bourne D. W., Pharmacokinetics, Eds. Banker G. S., Rhodes C. T., In modern pharmaceutics, 4"
ed., Marcel Dekker Inc., New York, 2002.

Boussif O., Lezoualch M. A., Zanta M. D., et.al., Effect of polyethylene glycol on gene delivery
of polyethylenimine, Proc. Natl. Acad. Sci. U. S. A., 92, 7297-7301, 1995

45



Boussif O., Zanta M. A., Behr J. P., Optimized galenics improve in vitro gene transfer with
cationic molecules up to 1000-fold, Gene Therapy, 3(12), 1074-1080, 1996.

Brannon- Peppas L., Blanchette J.O., Nanoparticle and targeted systems for cancer therapy,
Advanced Drug Delivery Reviews, 64, 206-212, 2012,

Brown J. M. and Attardi L. D., The role of apoptosis in cancer development and treatment
response, Nature reviews Cancer, 5, 231-237, 2005.

Brunette W. N., Western blotting transfer of proteins from sodium dodecyl sulfate —
polyavrylamide gels to unmodified nitrocellulose and radiographic detection with antibody and
radioiodinated protein A, Analytical Biochemistry, 112 (2), 195-203, 1981.

BSI Standarts Publication, Nanoparticles-Vocabulary, BS PAS 71, 2011.

Cavallaro U., and Christofori G., Cell adhesion and signaling by cadherins and 1g-CAMs in cancer,
Nature Reviews Cancer, 4, 118-132, 2004.

Chafouleas J. G., Pardue R. L., Brinklet B. R. et.al., regulation of intracellular levels of calmodulin
and tubulin in normal and transformed cells, PNAS, 78(2), 996-1000, 1981.

Collado M. and Serrano M., Senescence in tumours: evidence from mice and humans, Nature
Reviews Cancer, 10, 51-57, 2010.

Convertine A., Benoit D. S., Duvall C. L., et.al., Development of a novel endosomolytic diblock
copolymer for siRNA delivery, Journal of Controlled Release, 133(3), 221-229, 2009.

Couvreur P., Vauthier C., Nanotechnology: Intelligent design to treat complex disease,
Pharmaceutical Research, 23, 1417-1450, 2006.

Das M. et al, Ligand based targeted therapy for cancer tissue, Expert Opin. Drug Delivery, 6, 285-
304,2009.

46



Davies M.A. and Samuels Y., Analysis of the genome to personalize therapy for melanoma.
Oncogene, 29, 5545-5555, 2010.

Duncan R., Pratten M. K., Lloyd J. B., et.al., Mechanism of polycation stimulation of pinocytosis,
Biochimica et Biophysica Acta, 587(3), 463-475, 1979.

Duncan R., Ringsdorf H., Satchi-Fainaro R., Polymer therapeutics-polymers as drugs, drug and
protein conjugates and gene delivery systems: Past, present and future opportunities, Journal of
Drug Targeting, 14 (6), 337-341, 2006.

Elbashir S. M., Harborth J., Lendeckel W., et.al., Duplexes of 21-nucleotide RNAs mediate RNA
interference in cultured mammalian cells, Nature, 411, 494-498, 2001.

Evan G.I, and d’Adda di Fagagna F., Cellular senescence: hot or what?, Current Opinion in
Genetics Development, 19, 25-31, 2009.

Ferrara N., Hillan K. J., Gerber H., et.al., Discovery and development of bevacizumab, an anti-
VEGF antibody for treating cancer, Nature Reviews Drug Discovery, 3, 391-400, 2004.

Ferrari M., Cancer nanotechnology: opportunities and challenges, Nature Reviews Cancer, 5, 161-
171, 2005.

Finne-Witstrand A., Albertsson A., The use of polymer design in resorbable colloids, Annual
Reviews Material Research, 36, 36995, 2006.

Fiorentini G. and Szasz A., Hyperthermia today: Electric energy, a new opportunity in cancer
treatment, Journal of Cancer Research and Therapeutics, 2 (2), 41-46, 2006.

Fire A., Xu S., Montogomery M. K., et.al., Potent specific genetic interference by double-stranded
RNA in Caenohabditis elegans, Nature, 391, 806-811, 1998.

Fischer D., von Harpe A., Kunath K., etal., Copolymers of ethylene imine and N-(2-
hydroxyethyl)-ethylene imine as tools to study effects of polymer structure on physicochemical

and biological properties of DNA complexes. Bioconjugate chemistry, 13(5), 1124-1133, 2002.

Gilleron J., Querbes W. Zeigerer A., et.al., Image-based analysis of lipid nanoparticle-mediated
siRNA delivery, intracellular trafficking and endosomal escape, Nature biotechnology, 2013.

Greenman C., Stephens P., Smith R. et al., Patterns of somatic mutation in cancers, Nature, 446,
153-158, 2007.

47



Grigshby C. L., Leong K. W., Balancing protection and release of DNA: tools to address a
bottleneck of non-viral gene delivery, Journal of Royal Society Interface, 7 (1), 567-582, 20009.

Godbey W. T., Wu K. K., Mikros A. G., Poly(ethylenimine) and its role in gene delivery, Journal
of Controlled Release, 60(2), 149-160, 1999.

Hadjioannou T. P., Christian G. D., Koupparis M. A., Quantitative calculations in pharmaceutical
practice and research, VCH Publishers Inc., New York, 1993.

Hammond S. M., Bernstein E., Beach D., et.al., An RNA-directed nuclease mediates post-
transcriptional gene silencing in Drosophila cells, Nature, 404, 293-296, 2000.

Hanahan D., Weinberg R. A., The hallmarks of cancer, Cell, 100, 57-70, 2000.
Hanahan D., Weinberg R. A., The hallmarks of cancer: Next generation, Cell, 144, 2011.

Harper J. W., Elledge S., J., The DNA damage: Ten years after, Molecular Cell, 28 (5), 739-745,
2007.

Hatakeyama H., Ito E., Akita H. et.al., A pH-sensitive fusogenic peptide facilitates endosomal
escape and greatly enhances the gene silencing of siRNA-containing nanoparticles in vitro and in

vivo, Journal of Controlled Release, 139(2), 127-132, 2009.

Hixson A. W., Crowell J. H., Dependence of reaction velocity upon surface and agitation: |-
theoretical consideration, Industrial and Engineering Chemistry, 23, 923-931, 1931.

Howard K. A., Rahbek U. L., Liu X., et.al., RNA interference in-vitro and in-vivo using a
chitosan/siRNA nanoparticle system, Molecular Therapy,14, 476-484, 2006.

Hunter A. C., Moghimi S. M., Cationic carriers of genetic material and cell death: A mitochondrial
tale, Biochimica et Biophysica Acta, 1797, 1203-1209, 2010.

Ikushima H., and Miyazono K., TGFbeta signalling: a complex web in cancer progression, Nature
Reviews Cancer, 10, 415-424, 2010.

Jiang B.H., and Liu L.Z., PI3BK/PTEN signaling in angiogenesis and tumorigenesis, Advanced
Cancer Research, 102, 19-65, 2009.

48



Kichler A., Behr J. P., Erbacher P., Polyethylenimines: a family of potent polymers for nucleic
acid delivery, Nonviral Vectors for Gene Therapy, 1, 191-204, 1999.

Kircheis R., Wightman L., Wagner E., Design and gene delivery activity of modified
polyethylenimines, Advanced Drug Delivery reviews, 53(3), 341-358, 2001.

Kim W. J., Kim S. W., Efficient siRNA delivery with non-viral polymeric vehicles,
Pharmaceutical Research, 26(3), 657-666, 20009.

Klymkowsky M.W., and Savagner P., Epithelial-mesenchymal transition: a cancer researcher’s
conceptual friend and foe, American Journal of Pathology, 174, 1588-1593, 2009.

Kroemer G., Pouyssegur J., Tumor cell metabolism: Cancer’s Achilles’ heel, Cancer Cell, 13 (6),
472-482, 2008.

Labat-moleur F., Steffan A. M., Brisson C. et.al., An electron microscopy study into the
mechanism of gene transfer with lipopolyamines, Gene therapy, 3(11), 1010-1017, 1996.

Lee J.H., Lee K., Moon S. H., et.al., All-in-one target-cell-specific magnetic nanoparticles for
simultaneous molecular imaging and siRNA delivery, Angewandte Chemie, 121, 4238-4243,
20009.

Leonetti J. P., Degols G., Lebleu B., Biological activity of oligonucleotide-poly (L-lysine)
conjugates: mechanism of cell uptake, Bioconjugate chemistry, 1(2), 149-153, 1990.

Levine A. J., p53, the cellular gatekeeper for growth and division, Cell, 88, 323-331, 1997.

Liang H. C., Sung H. W., Acellular biological material chemically treated with genipin, 2002.

Lowe S.W., Cepero E., and Evan G., Intrinsic tumour suppression, Nature, 432, 307-315, 2004.

49



Lungwitz U., Breunig M., Blunk T., and Gopferic A., Polyethylenimine-based non-viral gene
delivery systems, European Journal of Pharmaceutics and Biopharmaceutics, 60, 247-266, 2005.

Luo J., Solimni N. L., Elledge S. J., Principles of cancer therapy: Oncogene and non-oncogene
addiction, Cell, 136 (5), 823-837, 20009.

Maeda H., Wu J., Sawa T., etal., Tumor vascular permeability and the EPR effect in
macromolecular therapeutics: a review, Journal of Controlled Release, 65(1), 271-284, 2000.

Malafaya P. B., Stappers F., Reis R. L., Starch-based microspheres produced by emulsion
crosslinking with a potential media dependent responsive behavior to be used as drug delivery
carriers, Journal of Materials Science: Materials in Medicine, 17(4), 371-377, 2006

Massague J., TGFp in cancer, Cell, 134, 215-230, 2008.

Minakuchi Y., Takeshita F., Kosaka N., Atelocollagen-mediated sytnthetic small interfering RNA
delivery for effective gene silencing in vitro and in vivo, Nucleic Acids Research, 32(13), 109,
2004.

Mislick K. A., The role of proteoglycans in the delivery of cationic-DNA complexes and enhanced
delivery by folate receptor-mediated endocytosis, Diss. California Institute of Technology, 1996.

Misra R., Acharya S., Sahoo K. S., Cancer nanotechnology: application of nanotechnology in
cancer therapy, Drug discovery today, 15, 19/20, 2010.

Moschos S. A., Williams A. E., Lindsay M. A., Cell-penetrating-peptide-mediated siRNA lung
delivery, Biochemical Society Transactions, 35, 807-810, 2007.

Mosmann T., Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays, Journal of Immunological Methods, 65(1-2), 55-63, 1983.

Muratovska A., Eccles M. R., Conjugate for efficient delivery of short interfering RNA (siRNA)
into mammalian cells, FEBS Letters, 558(1-3), 63-68, 2004.

Nilsson A., Nygard O., Phosphorylation of eukaryotic elongation factor 2 in differentiating and
proliferating HL-60 cells, Biochimica et Biophysica Acta, 1268, 263-268, 1995

50


http://www.ncbi.nlm.nih.gov/pubmed?term=Mosmann%20T%5BAuthor%5D&cauthor=true&cauthor_uid=6606682
http://en.wikipedia.org/w/index.php?title=Journal_of_Immunological_Methods&action=edit&redlink=1

Oliveira S., van Rooy |., Kranenburg O., et.al., Fusogenic peptides enhance endosomal escape
improving siRNA-induced silencing of oncogenes, 331(2), 211-214, 2007.

O’Reilly, K.E., Rojo, F., She, Q.B., et. al., mTOR inhibition induces upstream receptor tyrosine
kinase signaling and activates Akt, Cancer Research. 66, 1500-1508,2006.

Ozpolat B., Sood A. K., Lopez-Berestein G., Nanomedicine based approaches for the delivery of
SsiRNA in cancer, Journal of Internal Medicine, 267, 44-53, 2009.

Parmer T. G., Ward M. D., Hait W. N., Effects of rottlerin, an inhibitor of calmodulin-dependent
protein kinase Il1, on cellular proliferation, viability, 1997.

Parmer T. G., Ward M. D., Yurkow E. J., et.al., Activity and regulation by growth factors of
calmodulin-dependent protein kinase Il (elongation factor 2-kinase) in human breast cancer,
British Journal of Cancer, 79, 59-64, 1998.

Peer D., Karp J. M., Hong S., et. al., Nanocarriers as an emerging platform for cancer therapy,
Nature Nanotechnology, 2, 751-760, 2007.

Park J. W., et.al., Anti-Her2 immunoliposomes: enhanced efficacy attribute to targeted delivery,
Clinical Cancer Research, 8, 1172-1181, 2002.

Parveen S., and Sahoo S. K., Polymeric nanoparticles for cancer therapy, J. Drug Target, 16, 108-
123, 2008.

Pierige F., Serafini S., Rossi L., Cell-based drug delivery, Advanced Drug Delivery Reviews, 60
(2), 286-295, 2008.

Pirollo K., Chang E. H., Does a targeting ligand influence nanoparticle tumor localization or
uptake?, Trends in Biotechnology, 26(10), 552-558, 2008.

Polyak K., and Weinberg R.A., Transitions between epithelial and mesenchymal states:
acquisition of malignant and stem cell traits, Nature Reviews Cancer, 9, 265-273, 2009.

Rao D. D., Vorhies J. S., Senzer N. et.al., SiRNA and shRNA:similarities and differences,
Advanced Drug Delivery Research, 61(9), 746-759, 2009.

51



Reichert J. M. and Wenger J. B., Development trends for new cancer therapeutics and vaccines,
Drug Discovery Today, 13, 30-37, 2008.

Richards Grayson A., Doody A., and Putnam D., Biophysical and structural characterization of
polyethylenimine-mediated siRNA delivery in vitro, Rharmaceutical Research, 23, 1868-1876,
2006.

Richards M. R., Harp J. D., Ory D. S., et.al. Fatty acid transport protein 1 and long-chain acyl
coenzyme A synthetase 1 interact in adipocytes, Journal of Lipid Research, 47(3), 665-672, 2006.

Richardson P. G., Briemberg H., Jagannath S., et.al., Frequency ,characteristics, and reversibility
of peripheral neuropathy during treatment of advanced multiple myeloma with bortezomib,
Journal of Clinical Oncology, 26 (27), 4519, 2006.

Rozema D. B., Lewis D. L., Wakefield D. H., et.al., Dynamic polyconjugates for targeted in vivo
delivery of siRNA to hepatocytes, PNAS, 104(32), 12982-12987, 2007.

Sahay G., Querbes W., Alabi C., et.al., Efficiency of siRNA delivery by lipid nanoparticles is
limited by endocytic recycling ,Nature biotechnology, 31(7), 653-658, 2013.

Santander-Ortega M. J., Bastos Gozalez D., Ortega-Vinuesa J. L. et.al., Insulin loaded PLGA
nanoparticles for oral administration: an in vitro physico-chemical characterization, Journal of
Biomedical nanotechnology, 5(1), 45-53, 2009.

Sarasin A., An Overview of the mechanisms of mutagenesis and carcinogenesis , Mutation
Research, 544 (2-3), 99-106, 2003.

Satchi-Fainaro R., Duncan R., Barnes C. M., Polymer therapeutics for cancer: current status and
future challenges, Advances in Polymer Science, 193, 1-65, 2006.

Schaffert D., Wagner E., Gene therapy progress and prospects: synthetic polymer-based systems,
Gene Therapy, 15, 1131-1138, 2008.

52



Segura T., Shea L. D., Pannier A. K., et. al., Controlled surface-associated delivery of genes and
oligonucleotides, UNL Biological Systems Engineering: Papers and Publications, Paper 145,
2006.

Shinde R. R., Bachmann M.H., Wang Q., et. al., PEG-PLA/PLGA nanoparticles for in-vivo RNAI
delivery, NSTI Nano tech., California, 2007.

Sigma Aldrich, Florescein Isothiocyanate product sheet, AJH 8/08

Singhal S. et al, Nanotechnology applications in surgical oncology, annual Reviews Med., 61,
359-373, 2010.

Smith P. K., Krohn R. I. Hermanson G. T., et. al., Measurement of protein using bicinchoninic
acid, Analytical Biochemistry, 150(1), 76-85, 1985

Suh J., Paik H. J., Hwang B. K., lonization of poly(ethylenimine) and poly(allylamine) at various
pH’s. Bioorg. Chem. 22, 318-327, 1994.

Suyao X, Xuanming L., Chunyi T., et.al.,Studies of poly-L-lysine-starch nanoparticle preparation
and its application as gene carrier, Science in China Series B Chemistry, 48(2), 162-166, 2005.

Sudarsanam S., and Johnson D.E., Functional consequences of mTOR inhibition, Current Opinion
in Drug Discovery and Development, 13, 31-40, 2010.

Sung H., Chang Y., Chiu C. T., et.al. Crosslinking characteristics and mechanical properties of a
bovine pericardium fixed with a naturally occurring crosslinking agent, Journal of Biomedical
Materials Research, 47(2), 116-126, 1999

Szoka Jr. F. C., European Patent Application, 20000980894, 2000.

53



Tan P. H., Yang L. C., Shih H. C., et.al., Gene knockdown with intrathecal siRNA of NMDA
receptor NR2B subunit reduces formalin-induced nociception in the rat, Gene Therapy, 12, 59-66,
2004.

Tan W. B., Jiang S., Zhang Y., Quantum-dot based nanoparticles for targeted silencing of
HER/2neu gene via RNA interference, Biomaterials, 28(6), 1565-1571, 2007.

Tang M. X., Szoka F. C., The influence of polymer structure on the interactions of cationic
polymers with DNA and morphology of the resulting complexes, Gene Therapy, 4(8), 823-832,
1997.

Tekedereli I, Alpay N, Tavares C. D. J., et al, Targeted Silencing of Elongation Factor 2 Kinase
Suppresses Growth and Sensitizes Tumors to Doxorubicin in an Orthotopic Model of Breast
Cancer, Plos One, 7, 7, e41171, 2012

Thiery J.P., Acloque H., Huang R.Y., Epithelial-mesenchymal transitions in development and
disease, Cell, 139, 871-890, 2009.

Thomas M. et.al., Full deacylation of polyethylenimine dramatically boosts its gene delivery
efficiency and specificity to mouse lung, Proceedings of the National Academy of Siences USA,

102, 5679-5684, 2005.

Tokatlian T., Segura T., siRNA applications in nanomedicine, Wiley Interdisciplinary Reviews, 2
(3), 305-315, 2010.

Tomalia D. A., Dewald J. R., dense star polymers having core, core branches, terminal groups,
US. Patent No:4,507,466, Washington, 1985.

Torchilin V. P., Recent advances with lipospmes as pharmaceutical carriers, Nature Reviews Drug
Discovery, 4, 145-160, 2005.

Wang X., et al, Application of nanotechnology in cancer therapyand imaging, CA Cancer J. Clin.,
58, 97-110, 2008.

54



Werth S., et. al., A low molecular weight fraction of polyethylenimine (PEI) displays increased
transfection efficiency of DNA and siRNA in fresh of lyophilized complexes, Journal of
Controlled Release, 112, 257-270, 2006.

Wu H., Zhu H. Liu D. X., et al., Silencing of elongation factor-2 kinase potentiates the effect of
2-deoxy-d-glucose against human glioblastoma cells through blunting of autophagy, Cancer
Research, 69, 2453-2460, 2009.

Urban — Klein B., Werth S., Grzelinski M. et.al., RNAi-mediated gene-targeting through systemic
application of polyethylenimine (PEI)-complexed siRNA in vivo, Gene Therapy, 12, 461-466,
2004.

Yilmaz M., Christofori G., EMT, the cytoskeleton, and cancer cell invasion, Cancer Metastasis
Reviews, 28, 15-33, 2009.

Yang F., Ingram D. A., Chen S, et. al., NF1-dependent tumors require a microenvironment
containing NF1*"- and c-kit-dependent bone marrow, Cell, 135 (3), 437-448, 2008.

Yuan T.L., and Cantley L., CPI3K pathway alterations in cancer: variations on a theme. Oncogene
27, 5497-5510, 2008.

Zintchenko A., Philipp A., Dehshahri A., Wagner E., Simple modifications of branched PEI lead
to highly efficient siRNA carriers with low toxicity. Bioconjugate Chemistry, 19, 1448-1455,
2008.

Zou W., Immunosuppressive networks in the tumor environment and their therapeutic relevance,
Nature Reviews Cancer, 5, 263-274, 2005.

55



Absorbance (A=280 nm)

0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

0.01

-0.01

APPENDIX A

INSULIN CALIBRATION CURVE
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Figure A.1: Insulin calibration curve for release studies (pH 7.4, 10 mM)
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FITC-INSULIN CALIBRATION CURVE
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Figure A.2: Calibration curve of FITC-insulin for analysis of release kinetics of PEI-starch
nanoparticles

57



APPENDIX B

CALIBRATION CURVE OF MCF 7 CELLS
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Figure B.1: MCF 7 calibration curve for MTT cell viability assay.
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APPENDIX C

WESTERN BLOT IMAGE
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Figure C.1: Western blot image of MCF 7 cells treated with EF2K siRNA loaded nanoparticles
(NP) for 72 h (100 nM EF2K siRNA and 100 000 cells per well
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