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ABSTRACT 

 
 

APPLICATIONS OF THE MULTIFUNCTIONAL MAGNETIC 

NANOPARTICLES FOR DEVELOPMENT OF MOLECULAR THERAPIES 

FOR BREAST CANCER 

 

 

 

Aşık, Elif 

Ph.D., Department of Biotechnology 

Supervisor: Prof. Dr.N.Tülin Güray 

Co-supervisor: Prof.Dr.Mürvet Volkan 

November 2015, 181 pages 

 
 

The understanding of how magnetic nanoparticles (MNPs) interact with living system is 

one of the prerequisite pieces of information needed to be obtained before any further 

development for desired biomedical applications. In this study, Cobalt Ferrite magnetic 

nanoparticles (CoFe-MNPs) in their naked and silica-coated forms were characterized. 

In vitro cell culture for their likely cytotoxicity and genotoxicity potential were 

examined. The apoptosis, lipid peroxidation, ROS formation and oxidative stress related 

gene expression levels of some drug metabolizing enzymes in human cancer (MDA-MB-

231, MCF-7) and non-cancer (MCF-10A) breast cell lines were analyzed in response to 

MNPs treatment. Our results revealed that, uptake of the highest amounts of CoFe-MNPs 

was observed in metastatic cells and the uptake of the silica coated CoFe-MNPs were 

higher than the naked ones in all cells. Naked CoFe-MNPs represented higher levels of 

cytotoxicity, genotoxicity and ROS generation compared to silica coated CoFe-MNPs.  

Silica coated CoFe-MNPs were functionalized with COOH groups for further 

modifications. 2-amino-2-deoxy-glucose (2DG), which is a potential targeting molecule 

for cancer treatment, was conjugated on silica coated CoFe-MNPs surface through -
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COOH groups. Internalization and accumulation of both -COOH modified (COOH-

MNPs) and 2DG conjugated (2DG-MNPs) were studied in MDA-MB-231 and MCF-7 

cancer and MCF-10A non-cancer breast cells by transmission electron microscopy 

(TEM), Prussian blue staining and Inductively Coupled Plasma Optical Emission 

Spectroscopy (ICP-OES). According to our results, it was apparent that 2DG-MNPs were 

internalized more efficiently than COOH-MNPs under same conditions, in all cell types 

studied. Moreover, the highest amount of uptake was observed in MDA-MB-231 cells, 

which is followed by MCF-7 and normal MCF-10A for both MNPs. 

The apoptotic effects of 2DG-MNPs was further evaluated, and it was found that 

apoptosis was not induced at low concentration of 2DG-MNPs, regardless of the cell 

types, whereas dramatic cell death was observed at higher concentrations. In addition, 

the gene expression levels of some drug metabolizing enzymes, two Phase I (CYP1A1, 

CYP1B1) and two Phase II (GSTM3, GSTZ1) were also seen to increase at high 

concentration of 2DG-MNPs, whereas at low concentration no induction was observed.  

Eukaryotic elongation factor-2 kinase (eEF2K) is gaining potential as a prognostic 

marker and therapeutic target to treat breast cancer. Hence, eEF2K siRNA was decorated 

on silica coated CoFe-MNPs through -COOH groups and the expression and role of this 

gene investigated in the BRCA1 mutated breast cancer cells (MDA-MB-436, HCC-

1937). According to our results, the silencing of eEF2K using siRNA decorated MNPs 

inhibited colony formation; proliferation, migration and invasion of BRCA1 mutated 

cells. Furthermore, the down modulation of eEF2K was investigated in an orthotropic 

model of BRCA1 mutated breast cancer in nude mice in vivo by through systematically 

administration of eEF2K siRNA decorated MNPs. 

In vivo silencing of eEF2K lead to inhibition of molecules and pathways that are involved 

in migration/invasion (Src/FAK/paxillin), angiogenesis (VEGF), proliferation (c-Myc), 

cell cycle (CyclinD1), survival/drug resistance (PI3K/Akt) translational regulation (4E-

BP1). Taken together, our data suggest, for the first time, which eEF2K is associated 

with tumorigenesis and progression of BRCA1 mutated breast cancer and may be a novel 

potential therapeutic target in this cancer. 
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ÖZ 
 
 

ÇOK FONKSİYONLU MANYETİK NANOPARÇACIKLARIN MEME 
KANSERİ İÇİN MOLEKÜLER TEDAVİLERİN GELİŞTİRİLMESİNDE 

UYGULANMASI 
 

 
 

Aşık, Elif 

Doktora, Biyoteknoloji Bölümü 

Tez Yöneticisi: Prof.Dr.N.Tülin Güray 

Ortak Tez Yöneticisi: Prof. Dr. Mürvet Volkan 

Kasım 2015, 181 sayfa 
 
 

Manyetik nanoparçacıkların (MNP), biyolojik uygulamalarda kullanılabilmesi için 

öncelikle canlı sistemlerle ilişkisini anlamak gereklidir. Bu nedenle, bu çalışmada Kobalt 

ferrite manyetik nanoparçacıkların silika kaplı ve kapsız formlarının sitotoksisiteleri, 

genotoksisiteleri, apoptoz, lipit peroksidasyon, reaktif oksijen türleri oluşturma 

potansiyelleri ve bazı ilaç metabolize eden enzimlerin gen ekspresyon düzeyleri kanserli 

(MDA-MB-231ve MCF-7) ve kanserli olmayan (MCF-10A) insan meme hücrelerinde 

değerlendirildi. Kobalt ferrit MNP’ların metastatik hücrelerde alımının daha fazla olduğu 

ve silika kaplı kobalt ferrit MNP’ların kapsız olanlara göre bütün hücrelere daha fazla 

girdiği gözlemlenmiştir. Yüzeyi kapsız Kobalt ferrit MNP’lar silika kaplı olanlara göre 

daha fazla sitotoksisite genotoksisite göstermiş ve reaktif oksijen türleri oluşumunu 

artmıştır. Silikalı yüzey, bu etkilerin önemli ölçüde azaltmış ve parçacıkların hücre içine 

girmesi arttırmıştır. 

Silika kaplı kobalt ferrit MNP’lar, daha sonraki modifikasyonlar için -COOH grupları ile 

fonksiyonel hale getirilimiştir. 2-amino-2-deoksi glikoz, kanser tedavisi için potansiyel 

hedefleme molekülü olarak, silika kaplı MNP’ların COOH yüzeylerinden bağlanmıştır. 

Her iki COOH modifiye ve 2DG bağlı MNP’ların hücre içine alımı ve birikmesi, 

geçirimli electron mikroskopu, Prussian mavisi, ICP-OES yöntemi ile MDA-MB-231, 

MCF-7 ve MCF-10A hücrelerinde araştırılmıştır. Elde edilen sonuçlara göre 2DG-
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MNP’lar, COOH-MNP’lara göre daha fazla hücrelerin içine alındığı ve en fazla alımın 

MDA-MB-231 hücrelerinde olduğu, bunu MCF-7 ve MCF-10A hücrelerinin takip ettiği 

bulunmuştur. 2DG-MNP’ların, hücre tipi fark etmeksizin düşük konsantrasyonlarda 

apoptozu tetiklemediği fakat yüksek konsantrasyonda tetiklediği gözlemlenmiştir. 

Ayrıca dört ilaç metabolize eden iki faz 1 (CYP1A1, CYP1B1) ve iki faz 2 (GSTM3, 

GSTZ1) enzimlerin gen ekspresyon düzeyleri düşük konsantrasyonda artmazken yüksek 

konsantrasyonda arttığı bulunmuştur. 

Ekaryotik elongasyon factor 2-kinaz, meme kanseri tedavisi de prognostik işaret ve 

terapötik hedef olarak artan bir potansiyeli vardır. Bu nedenle eEF2k siRNA, öncelikle 

silika kaplı CoFe MNP’ların COOH gruplarından bağlanmıştır. Daha sonra bu genin rolü 

BRCA1+ mutant meme kanseri hücrelerinde (MDA-MB-436, HCC-1937) 

araştırılmıştır. Sonuçlarımıza göre, eEF2 kinazın siRNA bağlı MNP’lar kullanılarak 

susturulması, koloni oluşumunu, proliferasyonu, migrasyonu ve invazyonu bu 

hücrelerde anlamlı bir şekilde inhibe edildiği bulunmuştur. Ayrıca, siRNA bağlı 

MNP’lar kullanılarak eEF2 kinazın susturulması, in vivo orthotropic model nude 

farelerde de uygulanmıştır. eEF2 kinazın susturulması, migrasyon/invasyon 

(Src/FAK/paxillin), angiogenez (VEGF), proliferasyon (c-myc), hücre döngüsü 

(CyclinD1), sağkalım/ilaç dirençliliği (PI3K/Akt) translasyon düzenlenme (4E-BP1) 

yolaklarını inhibe etmiştir. Sonuç olarak ilk kez eEF2K tümörgenez ve BRCA1+ mutant 

kanser tedavisinde özgün törapatik hedef olarak kullanılabiliceği gösterilmiştir. 

 

 

Anahtar Kelimeler Meme kanseri, alım, sitotoksisite, genotoksisite, ROS oluşumu, 

silika kaplama, CoFe-MNP, 2 amino-2-deoksi-glukoz, hedefleyici terapi, 2DG-MNP, 

BRCA1 mutant hücre, eEF2 kinaz, proliferasyon. Invasion/migrasyon, angiogenez, 

tümörogenez apoptoz, nanoteknoloji, siRNA,  
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CHAPTER 1 
 

 

INTRODUCTION 
 

 

 

1.1 An Introduction to Nanomaterial 

Nanoparticles (NPs) are an important class of nanomaterial defined as single 

particles with a diameter < 100 nm (nm = 1 billionth of a meter) [1]. When they 

compare to the biological systems according to their size, the nanoparticles are 

at least 1000 times small compared to the typical human cells. In this sense, 

researchers have been using the various kinds of nanoparticles in order to 

investigate biological processes involved in drug/gene delivery, bio imaging as 

well [2]. 

As seen in Figure 1 there is huge differences between a 1 nm molecule, a 4 nm 

protein, and a 10 nm nanoparticle. Biological interactions between these 

molecules and various molecules such as ions in the cell will make the scheme 

very complex to clarify in a simple way. 
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Figure 1. Size case. (a) The representative comparison of a 10 nm 

nanoparticle, proteins and small molecules in size and volume. A human cell, 

which is composed of biomolecules such as proteins, nucleic acids, is 1000 

times larger in volume and size compared to a 10 nm nanoparticle. (b) The 

cell contains different proteins and a single 10 nm nanoparticle [3]. 

1.1.1 Physico-chemical and surface properties of nanoparticles 

The unique physicochemical properties of NPs are the resultant to their unique 

morphology, chemical composition, structure, surface charge, chemical 

solubility and aggregation [4]. Especially, the particle size and surface area 

among nanomaterial characteristic have a great impact on biological studies. 

The sizes of NPs affect both their surface area and reactivity. When the sizes 

of the NPs decrease, their surface areas increase. Therefore, there is inverse 

relationship between NPs surface area and their size. When the surface area 

increase, the number of potential reactive groups on the NPs surface increase 

[5]. 

• Size effects: The properties like solubility, transparency, color, absorption or 

emission wavelength, conductivity, melting point and catalytic behavior are 

changed only by varying the particle size. 
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• Composition effects: The physicochemical behavior of nanomaterials is 

altered with the different nanoparticle compositions 

• Surface effects: The surface characteristic of the nanoparticles leads to 

change their properties of dispersibility, conductivity, catalytic behavior and 

optical  

1.1.2 Overview of different classes of nanoparticles 

There are wide ranges of nanomaterials that can be tailored with chemically 

functional groups. They can be used in the varying application such as 

biosensors, imaging agents, targeted molecular delivery vehicles, and other 

biological tools. The fantastic freedom to design and modify nanomaterial to 

target cells is the fundamental ability suggested by nanotechnology, which 

contributes drug development, medical diagnostics, and clinical applications. 

Liposomes are composed of lipid bilayer membranes surrounding an aqueous 

interior. They have similarities with biological membranes and have been used 

for improving the efficacy and safety of different drugs [6]. Polymer based 

nanoparticles are both biodegradable and biocompatible such as 

polysaccharide chitosan have been used for various biomedical applications 

[7]. Ceramic nanoparticles are composed of silica, titania and alumina that are 

inorganic materials with porous characteristics. They can be used for drug 

delivery [8]. The iron oxides are the class of magnetic and metallic nanoparticle 

which are used as targeting and imaging agents [9]. Gold shell nanoparticles 

are defined as metal-based agents, which are consisting of a dielectric core 

layered by gold metallic shell. Their unique optical and chemical properties 

make them suitable agents for biomedical imaging and therapeutic applications 

[10]. The fullerenes and nanotubes are members of carbon nanomaterials. 

Fullerenes are made of carbons that are unique shape with a polygonal 

structure. They can be functionalized for tissue binding [11]. 
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1.2 Magnetic Nanoparticles  

Nanoparticles are highly promising tools and have numerous potential use for 

a wide range of applications from diagnostics to the treatment of diseases [12-

14]. Among them, magnetic nanoparticles (MNPs) have unique properties such 

as high magnetization value and passing cellular barriers and they have been 

used for many years as MRI agents, gene delivery agents, hyperthermia 

therapy, and tissue repair [15-17]. Cobalt is gaining increasing attentions as a 

highly effective magnetic resonance imaging (MRI) contrast agent, in 

combination with gold, iron and graphite, and platinum [18].  There are many 

reason that researcher chooses magnetic nanoparticles to use them in 

biomedicine.  First, they have controllable sizes. They can be functionalized 

with different biological moieties. This makes them excellent platform for 

targeting and cancer therapy. Second, they are magnetic and can be 

manipulated by an external magnetic field gradient. This opens up many 

applications such as drug and gene delivery. The anticancer drug can be loaded 

to magnetic nanoparticles, which can be accumulated into tumor region 

directed by magnetic force. Third, the magnetic nanoparticles can be made to 

resonantly respond to a time-varying magnetic field, with advantageous results 

related to the transfer of energy from the exciting field to the nanoparticle. For 

example, the magnetic nanoparticle can be made to heat up, which leads to their 

use as hyperthermia agents, delivering toxic amounts of thermal energy to 

targeted bodies such as tumors; or as chemotherapy and radiotherapy 

enhancement agents, where a moderate degree of tissue warming results in 

more effective malignant cell destruction. Many other potential applications, 

are made available in biomedicine as a result of the special physical properties 

of magnetic nanoparticles [19]. 

1.2.1 Surface Modifications 

Magnetic nanoparticles without any surface coating have hydrophobic surfaces 

and interact each other lead to agglomerate and increase in the their size [20]. 
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NP coatings may be composed of several materials including polymeric and 

inorganic materials. Polymeric materials can be divided into natural and 

synthetic. Synthetic polymeric materials include poly (ethylene-co-vinyl 

acetate), poly (vinyl alcohol) (PVA), poly (vinylpyrrolidone) (PVP), poly 

(ethylene glycol) (PEG), poly (lactic-co-glycolic acid) (PLGA), etc. Gelatin, 

dextran, chitosan etc. are the examples for natural polymeric materials. Sodium 

oleate, dodecylamine, etc. are examples for various surfactants that are used in 

providing dispersibility in an aqueous medium. 

1.2.2 Silica Coating 

The researchers have investigated metallic core shell. These NPs have inner 

magnetic core with an outer layer of inorganic materials (Figure 2).  

 
 

Figure 2. A schematic diagram of multifunctional silica coated magnetic 

nanoparticle indicating a core/shell structure with a layer of silica, SiO2, and 

functional groups attached to the shell [21].  

The magnetic nanoparticles have been layered with silica, gold or gadolinium, 

etc. These coatings enhance not only the stability to the nanoparticles in 

solution but also provide a platform for binding helps in the various biological 

ligands surface for biomedical applications [22]. 
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Some researcher indicate that  silanol groups in silica coating facilitiate the 

reaction with alcohols and silane coupling agents to not only provide 

dispersions that are stable in non-aqueous solvents but also give platform for 

covalent binding of specific ligands. The strong binding makes dissotiation of 

these ligands a difficult task. In addition, the silica surface provide high 

stability to suspensions of the particles at high volume fractions, changes in pH 

or electrolyte concentration [19]. 

 

1.3 Applications of Magnetic Nanoparticles 

1.3.1 Cancer Theranostics 

Nanomaterial provides an excellent platform for different functional ligands. 

Magnetic nanoparticles (MNPs) have been used for drug delivery over the past 

10 years. MNPs can be used as a dual diagnostic tool  (in magnetic resonance 

imaging, MRI) and targetable drug carrier for therapy, a so-called 

‘‘theranostic’’[23]. 

1.3.2 Drug/Gene Delivery 

The therapeutic drugs are injected intravenously to general systemic 

distribution, resulting in side effects for both tumor and normal cells. For 

example, there are many side effects of anti-inflammatory drugs on patients 

who have chronic arthritis. However, if such treatments could be localized into 

the site of a joint, it would be possible to reduce these side effects. The main 

goals are: (i) to reduce side effect of the cytotoxic drug, and (ii) to reduce the 

concentration required by more efficient, accumulation targeting of the drug. 

In magnetically targeted therapy, a cytotoxic drug is conjugated to the surface 

of a biocompatible magnetic nanoparticle vehicle. These drug/vehicle 

complexes are injected into the patient via the circulatory system. When the 

this complex circulate the bloodstream, external, high-gradient magnetic fields 
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are applied to accumulate the complex at a specific target site within the body 

(Figure 3) [24]. 

 
Figure 3. A Schematic diagram of magnetic drug delivery system: a magnet 

which is put outside of the body leads to capture magnetic carrier [24]. 

Gene delivery techniques can be used to insert a gene of interest into the host 

cell. Viral vectors, electroporation and transfection are commonly used the 

techniques for gene delivery. They have advantages and disadvantages in their 

efficacy. Viral gene techniques show high efficiency (80–90%), which 

introduce its genetic material into the host genome. The major disadvantage is 

unwanted side effect such as expression of viral genes. Another popular 

technique is electroporation, which show efficiency around 50–70%. The 

major disadvantage is that the electrical stimulation cause dying the most of 

host cells. The other technique is used for the delivery of genes, which is a 

transfection reagent. It shows efficiency around 20–30% that has disadvantage 

such as decreasing viability of the host cells. To use MNPs for gene delivery 

provide great advantages such as high efficiency and low cytotoxicity [25]. 
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1.3.3 Active Targeting 

Molecular targeting provides accumulation of MNPs in the tumor region based 

on the use of tumor-selective ligands. The main concept in active targeting is 

that cancer cells have different properties than normal cells such as 

overexpression of various receptors (Figure 4).  

 

 Figure 4. Representations of MNPs tumor-targeting modalities [23]. 

 

Therefore, the ligands are attached the surface of NPs which will specifically 

bind to the relevant receptors will target in cancerous tissue and, finally, will 

be uptake by the cancerous tissues [23]. There are various ligands, such as 

proteins, peptides, aptamers and small molecules, have been studied for 
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targeting studies in cancer therapy [23]. The first targeting agents that were 

studied for the specific targeting of MNPs composed of monoclonal antibodies 

(mAbs). The Food and Drug Administration (FDA)-approved Herceptin 

(trastuzumab) binds to the HER2/neu receptor that overexpressed on the 

surface of certain cancer cells (particularly in breast cancer). This has led to 

various applications of magnetic NPs for selective targeting of cancer cells 

[26]. However, due to the mAb with large dimensions and increasing 

immunogenicity, these modified nanoparticles pass poorly though biological 

barriers, which generate disadvantages for these targeting agents. 

Cancer cells typically show high levels of glycolysis, even under aerobic 

conditions [27, 28]. The augmented demand for glucose to increase energy 

production in tumors and relatively rapid proliferation, give rise to high levels 

of expression and activity of cell surface glucose transport proteins, which can 

be used for tumor imaging using glucose analogs. Among all the glucose 

transporters, the GLUT-l subtype is expressed in almost all tumor cell lines and 

tumor tissues [29].  

Previous studies using [14C] deoxy glucose showed cellular uptake by glucose 

transporters (GLUTs) and further phosphorylation for glycolytic processing 

[30, 31]. However, due to its structure, isomerization in the next step was 

prevented, the following metabolism was hindered, causing partially processed 

and labeled analogue to be accumulated in the cell. These findings have been 

applied extensively in clinical imaging by positron emission tomography (PET) 

in which 18FDG (2-fluoro-2-deoxyglucose) uptake is used to visualize tumor 

activity and location [32]. Also, recently 2DG is used for targeting 

nanoparticles into tumor cells [33-35]. 

The short peptides and small molecules have been used specifically for the 

delivery of MNPs to cancerous cells. The advantage of use these molecules are 

that hundreds or even thousands of molecules can be attached on the surface of 

nanoparticles. This provides nanoparticles, which contain hundreds of 

targeting molecules selectively binding and accumulation on cell containing 
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receptors, so an increased efficiency and affinity. Folic acid is the one of the 

commonly used ligand. All cancer types such as breast and lung overexpress 

the folate receptor on their cell surface. Their high bonding strength makes 

short peptides and other small molecules very advantageous. They have a 

reduced risk of bond breaking and loss of functionality after administration of 

the NPs into the body.  

1.3.4 Cancer Diagnostics  

During past decade, MNPs have been used as contrast agents in MRI. MNP 

cores have properties such as strong enhancement of transverse (T2 and T2*) 

relaxivity in tissue regions where MNPs have localized. Strong relaxivity is 

given on T2-weighted MR images as pronounced negative contrast 

(hypointensity) [36]. 

1.4 Nanoparticle/cell Interaction 

Due to wide spread application of NPs, it is also imperative to evaluate their 

potential risks to biological systems [37]. The understanding of how magnetic 

nanoparticles (MNPs) interact with living system is one of the prerequisite 

pieces of information needed to be obtained before any further development 

for desired biomedical applications.  

The aim of nanotoxicity research is to understand the mechanisms underlying 

NPs interactions with the cells. NPs uptake is first step for toxicity studies and 

follow cellular and morphological changes including metabolic pathways after 

internalization of NPs. Nanotoxicology studies tried to understand these events 

resulting from nanoparticle mediated cytotoxic effects on cells [37]. 

1.4.1 Transport of Nanoparticles 

The internalization of nanoparticles are so called “the Trojan horse”, have been 

described already by former nanoparticles internalization studies that defined 

the process of phagocytosis to investigate the toxic effect of nickel and zinc 
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compounds [38]. Trojan horse mean nanoparticles are considered as vehicle 

and carry drug or material into the interior of the cell. For nanoparticles, there 

are many different routes to enter into the cells. Phagocytosis is not the only 

known route. There are also other possible routes for the internalization of 

metals, magnetic, or other nanomaterials systems by the cells, and for the 

different biological reactions that may undergo (Figure 5).  

 
 

Figure 5. Possible cellular uptake mechanisms for nanomaterials. 

Nanomaterials may use different uptake routes into the cells [39]. 

 

Nanoparticles are smaller than 100 nm can pass into the cell “diffusion” 

through the plasma membranes, which is referred to as an adhesive interaction. 

Also, they use different vesicle transport pathway, for example transport of 

nanoparticles into cells bound to receptors [40]. Free transport through the 

membrane, however, can be consider to be more critical, as it allows particles 

to provide direct contact with the plasma proteins and with other molecules of 

the cell [39]. 
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1.4.2 The Biology of Particle-Induced Oxidative Stress  

The surface areas of NPs are very reactive therefore when they interact with 

the cells; they can cause reactive oxygen species (ROS)-production, and 

proinflammatory effects in the cell. ROS formation and oxidative stress are the 

best-developed paradigm to explain the toxic effects of nanoparticles [41]. 

ROS are produced at low amount in the mitochondrion under normal 

conditions, and there is a balance driven by antioxidant enzymes such as 

glutathione (GSH). On the other hand, when excessive amount of ROS 

generation during nanoparticle exposures, the antioxidant defenses may not be 

sufficient to neutralize them [42].  

Oxidative stress is defined as a balance in which GSH is decreased while 

oxidized glutathione (GSSG) increased [42]. The cells modulate to this 

decrease in the GSH/GSSG ratio by responses [43].  

According to the oxidative stress hypothesis, the lowest level of oxidative 

stress contain the trigger of antioxidant and detoxification enzymes [43]. 

Transcription factor nuclear factor erythroid 2-related factor (Nrf-2) triggers 

the promoters of phase II genes. At higher levels of oxidative stress, the 

inflammation and cytotoxicity play a role in protective response (Figure 6). 

Inflammation is result from the activation of pro-inflammatory signaling 

cascades [e.g., mitogen-activated protein kinase (MAPK) and nuclear factor 

kB (NF-kB) cascades], on the other hand mitochondrial perturbation cause the 

release of pro apoptotic factors (Figure 6) [4]. 
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Figure 6. The oxidative stress model. At tier 1, phase II antioxidant enzymes 

are triggered by Nrf-2 to rebuild cellular redox homeostasis. At tier 2, 

activation of the MAPK and NF-kB pathways trigger pro-inflammatory 

responses. At tier 3, distruption of the mitochondrial permeability and 

electron transfer lead to cellular apoptosis or necrosis [42]. 

 

In addition to the hypothesis of oxidative stress, it should consider that new 

nanomaterials and their unique properties lead to different or novel 

mechanisms of toxicity [4]. 
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Biological systems can interact with multiple pathways of injury, such as 

inflammation, apoptosis, necrosis, fibrosis, hypertrophy, metaplasia, and 

carcinogenesis (Table 1).  

 

Table 1. NM effects as the basis for pathophysiology and toxicity [42]. 

 
 

 
 

1.5 Cancer 

Cancer is the general name given to a collection to related diseases in which 

normal cells are changed to cells capable of uncontrolled growth and invasion. 

The cancer cells grow abnormally and cover into surrounding tissues. Cancer 

is made up of trillions of cells which is originated from anywhere of the body. 
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Normally, the cells grow and divide to form new cells to constitute organs and 

tissues, which need cell turnover [44]. There is a balance between cell 

proliferation and apoptosis; a programmed cell death to control cell 

multiplicity. The genetic alterations such as mutations lead to disrupt this 

balance. Cellular multiplicity would be clinically detectable as a tumor. Tumor 

cells differ from normal cells in many ways. One important difference is that 

normal cells are more specialized than cancer cells. That is, normal cells can 

be functionalized for specific functions, cancer cells do not. They are able to 

ignore signals such as apoptosis and evade the immune system [45]. Same 

cancerous cells have characteristic such as malignant, and invasiveness. They 

can spread all over the body through distant places in the body through the 

blood or the lymph system and form new tumors far from the original tumor. 

They can cause the formation of new blood vessels (angiogenesis) and then 

penetrate into lymphatic or blood vessels [46]. On the other hand, benign 

tumors do not share same properties with malignant tumors; benign tumors can 

be quite large however cannot travel, or invade, nearby tissues. After surgery, 

they usually do not reappearance unlike malignant tumors. Types of cancer are 

named according to the where they are originated from. Therefore more than 

hundred types of cancers have been known [46]. 

1.5.1 Breast Cancer 

Breast cancer (BC) is the most common cancer in women worldwide, with 

nearly 1.7 million new cases diagnosed in 2012 (second most common cancer 

overall). This represents about 12% of all new cancer cases and 25% of all 

cancers in women [47]. Breast cancer is a heterogeneous disease. This mean 

each patients give different responses to therapy and their disease show 

variability in their molecular profiles [48] . 

Breast cancer is originated from the malignant proliferation of epithelial cells 

lining the ducts or lobules of the breast. Both environmental and genetic risk 

factors lead to breast cancer such as alcohol, stress [49]. Some breast cancers 
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are not inherited, but others the mutations in the genes BRCA1 and BRCA2 are 

inherited. BRCA1 and BRCA2 are human genes that produce tumor suppressor 

proteins. These proteins are responsible for repair damaged DNA and, 

therefore, play a role in ensuring the stability of the cell’s genetic material. 

When either of these genes is mutated, or altered, such that its protein product 

either is not made or does not function correctly, DNA damage may not be 

repaired properly. As a result, cells are more likely to develop additional 

genetic alterations that can lead to cancer. Together, BRCA1 and BRCA2 

mutations account for about 20 to 25 percent of hereditary breast cancers [50] 

and about 5 to 10 percent of all breast cancers [51]. By contrast, according to 

the most recent estimates, 55 to 65 percent of women who inherit a harmful 

BRCA1 mutation and around 45 percent of women who inherit a harmful 

BRCA2 mutation will develop breast cancer by age 70 years [52, 53]. Angelia 

Jolie became a real phenomenon who carries mutation in her BRCA1 gene and 

her decision led to increase awareness of breast cancer treatment (Figure 7).  

BRCA1 mutant breast cancers are predominantly triple-negative (ER-, PR-, 

Her2-) and share multiple clinic pathologic features with TNBC (triple 

negative breast cancers) and thus generally have poorer prognosis than other 

breast cancers [54, 55]. BRCA1 and BRCA2 have roles in homologous 

recombination (HR) for DNA repair [56, 57]. When the remaining wild-type 

allele is lost in a cell, this repair mechanism does not work, resulting in genomic 

instability that is sufficient to promote tumor development [58, 59]. 

  

TNBC are high aggressive compared to HER2-positive breast cancers [60]. 

Although tamoxifen and Herceptin are used as good targeted therapy in ER +, 

HER2 + breast cancer [61], there is little targeted therapy for TNBC until the 

date [62]. The only known targeted therapy possible for TNBC is combination 

therapy such as chemotherapy with platinum [63] offering limited therapy with 

unwanted side effects [64]. 

http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046047&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046742&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046047&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046742&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045693&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046657&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046092&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045671&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000046476&version=Patient&language=English
http://www.cancer.gov/Common/PopUps/popDefinition.aspx?id=CDR0000045983&version=Patient&language=English
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Although there are many treatment and different therapy for breast cancer, it is 

still the most common cancer among women. Hence, much more research is 

needed to develop for treatment of breast cancer. 

 

Figure 7. To better understand the so-called “Angelina Jolie effect”, AARP, 

in collaboration with Optum Labs, compared BRCA testing rates based on 

claims among commercially-insured women ages 35 and older in the US, 

before and after Ms. Jolie’s story was publicized in 2013. 

(http://www.aarp.org) 

 

https://www.optum.com/optumlabs.html
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1.5.2 Treatment Strategies for BRCA1 mutated Breast Cancer 

The surgery, radiotherapy and chemotherapy have been used for breast cancer 

treatments. If cancer is in the early stage, surgery can be good choice for 

treatment. Surgery contains the removal of the whole cancerous tissue together 

with adjacent tissues. For example, tumor and surrounding tissue are removed 

in lumpectomy while a whole breast is removed in mastectomy. The 

chemotherapy and radiation are applied to the patients after surgery to prevent 

reappearance of the cancer cells left. Both chemotherapy and radiotherapy have 

unwanted effects to healthy cells such as short disease-free intervals, rapidly 

progressive visceral disease, lymphangitic pulmonary disease, or intracranial 

disease. Combination therapies are needed to cure the breast cancer responds 

to multiple chemotherapeutic agents.  

1.5.3 Possible Targeted Therapies 

It is needed to improve novel therapeutic agents to prevent TNBC resistant to 

chemotherapy for patients. Novel targeted therapies (e.g. PARP, EGFR, c-kit 

and VEGF inhibitors alone or in combination with chemotherapy) are currently 

under investigation and have shown promising results in numerous phase II 

trials. TNBC originated from myoepithelial cells and therefore have similar 

surface biomarkers with these cells including CK5-6 and EGFR [65]. 

 As seen in Figure 8, there are possible targeted therapies for breast cancer. For 

example, defect in p53 and the DNA repair pathway is involved in basal-like 

breast cancer causing genetic instability [66]. DNA repair defects usually are 

associated with lack of BRCA1 function [67]. Generally, majority of basal-like 

breast cancers have a defect in BRCA1 function [68]. Among the genes, 

checkpoint kinase 1 (CHEK1) and poly (ADP ribose) polymerase (PARP1) can 

be used as candidate targets. The dysregulation of kinases are also observed in 

TNBC. Phosphatase and tensin homolog (PTEN) defects have been reported in 

up to 30% of TNBCs which downregulate the AKT/mammalian target of 
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rapamycin (mTOR) pathway [69]. EGFR is present in 45–70% in which is 

another potential target for TNBC [70].  

 

Figure 8. Candidate targets and pathways in triple-negative breast cancer [71]. 

In a comparative genomic hybridization (CGH) array study, vascular 

endothelial growth factor A (VEGFA) was observed to be increased in 34% of 

TNBCs [69]. There is correlation VEGF expression with high rate of TNBCs. 

TNBC was also reported as chemokine release, together with immune 

activation [72]. Also it is observed that there is strong correlation between 

immune activation and good prognosis [73]. It is shown that the androgen 

receptor is highly expressed in TNBC. It is found that the level of breast cancer 

stem cells (CD44+/CD24–/low) is very high in basal-like breast [74]. NOTCH 

pathway is another candidate targets have been reported in recent years.  

1.5.4 PARP Inhibitors 

Poly-ADP-ribose-polymerase (PARP)-1 is one of the central components, 

which is responsible for removing single-strand DNA breaks. Single-strand 

breaks may lead to double-strand breaks, Unless PARP work properly in 

BRCA1-mutated cells. Clinical studies show that BRCA1-null cells are 
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sensitive to PARP1 inhibitors [75]. Furthermore, in combination a PARP 

inhibitor with platinum-based chemotherapy can provide good results in 

preclinical models. Consequently, a number of clinical trials indicate that 

PARP inhibitors alone or in combination with platinum-based chemotherapy 

give promising results [76]. Results of two very important clinical trials 

implementing PARP inhibitors in patients with metastatic BC have recently 

been reported. These phase II results are promising but will need to be validated 

in larger possibly phase III trials. 

1.5.5 Mechanism of siRNA-Mediated Gene Silencing 

Small interfering RNA (siRNA) technology has great attention as a therapeutic 

intervention for targeted gene silencing in cancer. RNA interference is 

mechanism that short double-stranded RNAs are recognized by the 

endonuclease cleaved into two fragments called siRNA.  

When siRNA gets into the cell, it merges with RNA-induced Silencing 

Complex (RISC), so a RISC-associated, ATP-dependent helicase activity 

unwinds the siRNA duplex, thus providing either of the two strands to 

independently guide target mRNA recognition. Next, Argonaute 2 (Ago2), cut 

the target mRNA and leads to its degradation, stopping protein expression. The 

mRNA silencing is accomplished via site-specific cleavage of the message in 

the region of the siRNA-mRNA duplex depend on the degree of 

complementarity between the guide strand and target mRNA. The cleavage 

products of the reaction are released and degraded leaving the siRNA-

programmed RISC to survey and further deplete the available pool of target 

mRNA (Figure 9) [77]. 
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Figure 9. The RNA-interference process in mammalian cells. Cytoplasmic 

long double-stranded RNA (dsRNA) is cut by Dicer into small interfering RNA 

(siRNA) resulting in the cleavage and degradation of specific target mRNA 

[78]. 
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To carry siRNA efficiently into tumor region, the carrier should be 

biocompatible, nonimmunogenic, and biodegradable as well as ability to 

escape rapid hepatic and renal clearance. Moreover, carrier should directly 

accumulate into tumor region.  

There are many alternative agents to carry siRNA. Among them, nanoparticles 

hold promising agents and meet these requirements for delivery of siRNA. 

Nanoparticles can be divided into polymeric or metallic core. To use 

nanoparticle for delivery of siRNA, the physicochemical characterizations such 

as surface charge, size are important parameter whether determine uptake of 

particles, bio distribution, and safety by cells.  

Nanoparticle is smaller than 200 nm, which is suitable for biomedical 

application. Negatively charged nanoparticles are removed faster than 

positively charged ones. In addition, hydrophilic coating such as polyethylene 

glycol (PEG) or a nonionic surfactant prolongs circulation time of the 

nanoparticles. Taken together, nanoparticles offer many advantages:  (1) to 

prevent fast degradation of siRNA, (2) provide high local concentration of 

siRNA into tumor tissues,  (3) enable as controlled release and (4) provide safe 

and effective platforms for siRNA delivery [77]. 

 

1.5.6 Eukaryotic Elongation Factor 2 Kinase 

Eukaryotic elongation factor 2 kinase (eEF2K) is a member of the small group 

of atypical ‘a-kinases’ that phosphorylates and inhibits eukaryotic elongation 

factor 2 and decrease the elongation stage of protein synthesis, which normally 

use a great deal of energy and amino acids [79]. The only known substrate for 

eEF2K is elongation factor eEF2. Since phosphorylation of eEF2 at Thr56 

disrupt its binding to the ribosome and thus slow down the rate of elongation 

[79]. 
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Eukaryotic elongation factor 2 (eEF2) is a member of the GTP-binding 

translation EF family, which is vital for protein synthesis and can be completely 

inactivated by EF2 kinase phosphorylation [79, 80]. The eEF2 gene is found in 

chromosome 19 in humans and has a size of 9407 bases [80].  

1.5.7 eEF2K in Cancer Therapeutics 

In recent years eEF-2K has gained interest as therapeutic target [81, 82]. It was 

found to be highly expressed in cancer cells, whereas no detectable expression 

were found in normal cells [80]. 

The mitogen, hypoxia, metabolic stress and nutrients deprivation induce the up 

regulation of eEF-2K expression. Moreover, the autophagy is mechanism to 

conserve or direct energy for other cell function which is associated with 

activity of eEF-2K [82, 83]. The eEF-2K play roles as pro-survival kinase in 

cell growth, survival and drug resistance [83, 84]. 

Meric-Bernstam et al. collected primary tumors from 190 patients with stages 

I to III hormone receptor-positive breast cancer and the data showed that the 

eEF2K activity was increased and related with poor prognosis in hormone 

receptor-positive breast cancer. These data suggest that eEF2K can be as a 

prognostic marker and therapeutic target to treat breast cancer [85]. 

Ozpolat and his lab also showed that the therapeutic potential role of eEF-2K 

in pancreatic carcinoma cell lines. It was shown that targeting of eEF-2K 

induced the invasive phenotype of PaCa cells, through signaling pathways 

involving TG2/b1 integrin/Src/uPAR/MMP-2 and induction of (the epithelial-

mesenchymal transition) EMT biomarkers which led migration of the cells and 

metastatic potential. Hence, eEF-2K could be also therapeutic target in 

pancreatic cancer [86]. 

The disruption of eEF-2K expression results in the knockdown of signaling 

pathways including growth, survival and resistance for the treatment of breast 

cancer [87]. An in vivo orthotopic model showed that the down regulation of 

the EF2K led to inhibition the growth of tumors and sensitizes the tumors to 
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doxorubicin. The data suggested that eEF-2K led tumorigenesis through the up 

regulation of pro-tumorigenic proteins and pathways including cyclin D1, c-

Myc, c-Src/FAK and Akt (Figure 10) [87]. 

 

 

 

 

Figure 10. Targeting eEF-2K leads tumorigenesis in breast cancer cells. 

Pathways aided by eEF-2K are involved in cell growth, motility, angiogenesis, 

and survival. Solid arrows show known pathway while dashed arrows shows 

poteantial pathway [87]. 
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1.6 Aim of This Study 

In this study, the main goal is to design safe and effective functional magnetic 

nanoparticles for theranostic purposes. 

For this reason, we will prepare cobalt ferrite magnetic nanoparticles (CoFe-

MNPs) and use some surface modifiers in order to make them to internalize 

better into breast cancer cells. 

We will then carry out in vitro characterization of these MNPs and further use 

them for in vivo animal studies. 
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CHAPTER 2 

 

 

CS                        MATERIALS AND METHODS 

 

 

 

2.1. Materials  
 

All chemicals were analytical grade and were obtained from commercial 

sources having the highest purity available. In all the experimental studies, 

Millipore water purification system (Molsheim, France) was used to obtain 

deionized water of 18 MΩ cm. For cell culture assays, Roswell Park Memorial 

Institute (RPMI-1640) medium with phenol red and without phenol red (Lonza 

BE12-115F, Belgium), Dulbecco’s Modified Eagle Medium/Ham’s F-12 

(DMEM/Ham’s F12) (Lonza-BE12-719F) fetal bovine serum (FBS) (Sigma), 

gentamycin (Biological Industries), Hank‘s Balanced Salt Solution (BSS) 

(Biochrom AG), Dulbecco's Phosphate Buffered Saline (PBS) (Lonza), 

Trypsin/EDTA (Lonza BE02-007E), Trypan Blue (Biological Industries), 

Dimethyl sulfoxide (DMSO) (Applichem). Epidermal Growth Factor (EGF) 

was from Peprotech (New Jersey, USA). Hydrocortisone, insulin was 

purchased from Sigma-Aldrich (Saint Louis, Missouri, USA). 0.5 %(w/v) 

trypan blue, gentamycin sulfate XTT Cell Proliferation Kit were purchased 

from Biological Industries (Haemek, Israel). MTS and TUNEL colorimetric 

assay kit was purchased from Promega (Madison, WI). Annexin-V Apoptosis 

detection kits were obtained from Biolegend, (USA). Ethidium bromide, 

Chlorpromazine, Mitomycin C (MMC), Cytochalasin B and DCFDA were 

obtained from Sigma (USA). All RNA isolation, cDNA synthesis, q-RT-PCR 

experiments kits were obtained from 5 Prime (USA). For 2DG and siRNA 
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conjugation reactions; EDC and sulfo NHS were purchased from Pierce 

Chemical Co and 2DG were purchased from Sigma (USA). The siRNA, 

targeting EF2K (Sigma-Aldrich) was designed using siRNA-designing 

software (Qiagen, Valencia, CA, USA). HiPerFect Transfection Reagent was 

from Qiagen. AZD2281 (Olaparib) was obtained from Selleck Chemicals, 

USA. Antibodies; eEF-2K, p-EF2 (Thr-56), EF2, cyclin D1, p-Akt (Ser-473), 

Akt, p-Src (Tyr-416), Src, p-paxillin (Tyr-31), paxillin, 4E-BP1, p-4e-bp1, 

CD44, ALDH1A1, Claudin1, VEGF, (Cell Signaling Technology, Danvers, 

MA); p-FAK (Tyr-397), FAK (BD Transfection); c-Myc,  (Santa Cruz 

Biotechnology, Santa Cruz, CA), CCL2 (Sigma Chemical, St. Louis, MO) 

Horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary 

antibody (Amersham Life Science, Cleveland, OH). Mouse anti-b-actin 

(primary) and donkey anti-mouse (secondary) antibodies were purchased from 

Sigma Chemical, St. Louis, MO. DAKO antigen retrieval solution (DAKO, 

North America Inc., Carpinteria, CA). IgG blocking from a Vector M.O.M. kit 

(Vector Laboratories, Inc., Bulingame, CA). Ki67 was from Thermo/Lab 

Vision, anti-CD31 (Pharmingen, San Diego, CA), goat anti-rat HRP-

conjugated secondary antibody (Jackson Immuno Research Laboratories Inc., 

West Grove, PA), DAB substrate (Vector Labs); Chemi-glow detection 

reagents were from Alpha Innotech, San Leandro, CA. 

For nanoparticle synthesis, Iron (III) chloride (FeCl3.9H2O, Riedel-de Haën), 

Cobalt (II) chloride 6-hydrate (CoCl2.6H2O, Surechem), Sodium hydroxide 

pellets (NaOH, Sigma-Aldrich), Sodium Chloride (NaCl, Fisher Scientific 

Company), and Oleic acid ((9Z)-Octadec-9-enoic acid, Fluka) were used for 

the preparation of CoFe2O4 magnetic nanoparticles. In order to prepare silica 

coating on CoFe2O4 nanoparticles, Tetraethyl orthosilicate (TEOS, 98%, 

Aldrich), (3-Aminopropyl) trimethoxysilane (APTMS, ≥ 98.0%, Aldrich), and 

Ethanol (EtOH, ≥ 99.9%, Merck) were used. For the functionalization of 

CoFe2O4 nanoparticles with –NH2 groups, (3-Aminopropyl triethoxysilane 

(APTES, ≥ 98.0%, Fluka), toluene (C6H5CH3, ≥ 99.0%, Merck), and N, N- 

dimethylformamide (DMF, C3H7NO, ≥ 99.8%, Sigma-Aldrich) were used. The 
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attachment of –COOH group on the nanoparticles were done by using toluene 

(C6H5CH3, ≥ 99.0%, Merck), N, N-dimethylformamide and succinic (glutaric) 

anhydride (C4H4O3, ≥ 99%, Sigma- Aldrich).  

 

2.2. Methods 

2.2.1. Preparation, and Silica Coating of Cobalt Ferrite Nanoparticles 

(CoFe MNPs) 

Cobalt ferrite (CoFe) MNPs were synthesized according to literature by co-

precipitation method [88]. A salt solution containing 0.54 g FeCl3.6H2O and 

0.238 g CoCl2.6H2O was prepared in 10 mL deionized water and then, 10 mL 

of 3M NaOH and 5mL of 1.5M NaCl were added to the salt solution drop wise 

simultaneously under magnetic stirring. After the addition of NaOH and NaCI, 

a black suspension was obtained. The reaction was performed at 80oC for an 

additional 1 h with vigorous stirring. After cooling to room temperature, CoFe 

MNPs were washed three times with deionized water and ethanol solutions by 

using a magnet. 20 mL CoFe MNPs colloidal suspension was used for silica 

coating using sol-gel method [89]. According to the method, 80 mL ethanol, 

and 170 μL TEOS (Sigma–Aldrich) and 15 μL APTMS (Sigma–Aldrich) were 

mixed and added to the CoFe MNPs colloidal suspension and stirred for 3 h at 

room temperature. Then, silica coated CoFe MNPs were washed three times 

with deionized water by using a magnet. Accordingly, the Zeta potential and 

average hydrodynamic sizes have been measured by dynamic light scattering 

(DLS) (Malvern Nano ZS90) in water, RPMI-1640 medium and complete 

medium at 25 oC. In order to mimic in vitro cell culture conditions, we chose 

to incubate CoFe-MNPs with cell culture medium supplemented with 10% 

FBS, containing plentiful protein. Fourier Transform Infrared Spectroscopy 

(FT-IR) (Alpha, Bruker) analysis was performed in order to investigate the 

bonds concerning the silica layer formed on the CoFe-MNPs. The Energy 

Dispersive X-Ray analyser (EDX) was used for elemental analysis of cobalt 

ferrite and silica coated cobalt ferrite nanoparticles.  
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2.2.2 Cell Culture 

2.2.2.1 Cell Culturing and Treatments  

Human breast cancer cell line MDA-MB-231 (invasive, metastatic, triple 

negative), MCF-7 (noninvasive) and non-cancer human breast cell line MCF-

10A was obtained from ATCC (American Type Culture Collection, USA). 

MDA-MB-231 and MCF-7 cells were grown in RPMI supplemented with 10 

% FBS and MCF 10A cells were grown in DMEM/Ham’s F: 12 medium with 

phenol red containing 5% horse serum, 100 mg/mL Epidermal Growth Factor 

(EGF), 1 mg/mL hydrocortisone and 10 mg/mL insulin. Both the media 

contained penicillin and (100 units/mL) streptomycin. Cells were maintained 

at 37°C in a humidified atmosphere containing 5% CO2/95% air, and were used 

between passages 4 and 15 in the experiments.  

CoFe-MNPs dispersions were prepared by diluting the concentrated stock 

solutions in the cell culture complete medium at room temperature for all 

assays prior to the treatment of cells. Sonication in ultrasonic bath for 5 minutes 

at room temperature was used immediately before the cell treatment in each 

assay. Stock suspensions of (1 mg/mL) naked and silica coated CoFe-MNPs in 

complete medium were serially diluted to the concentration range of 15-500 

µg/mL for cellular uptake, cytotoxicity genotoxicity, oxidative stress, and 

apoptosis assays. 

2.2.2.2 Cell Thawing 

The cells should be defrosted gradually. For this reason, the cryotubes were 

received from the liquid nitrogen and kept waiting for minutes at 37°C water 

bath. After defrosting of the cells, they were seeded in T75 cell culture flask 

that contain growth medium. The cells were attached the surface of flask and 

incubated in CO2 incubator at 37°C. After twenty-four hours, the medium 
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containing dimethylsulfoxide (DMSO) medium was removed and replaced 

with fresh one. 

2.2.2.3 Cell Passaging 

The cells were grown in in the T75 flasks. When the cells reached confluence 

around 80 % of total surface of the flasks, the growth medium was discarded 

and the cells rinsed with phosphate buffered saline (PBS). Then, the cells were 

subject to trypsination with pre warmed trypsin/EDTA solution. After the cells 

were detached, the activity of trypsin was terminated with complete medium. 

The cell suspensions were centrifuged and the supernatant were removed. The 

cells were resuspended with the fresh complete medium and placed to new T75 

flasks at 37°C, CO2 incubator. This process was repeated depend on the cell 

types in every 3-4 times in a week.  

2.2.2.4 Cell Freezing 

The freezing medium was prepared to freeze the cells, which was containing 

the complete medium with ten percent DMSO. The cells were trypsinized; the 

detached cell suspensions were stained with trypan blue and counted. 

Approximately one mL of freezing medium was used for ten million cell 

suspensions. After calculating the cell number, the cell suspensions were 

centrifuged and supernatants were removed. The cells were resuspended with 

the freezing medium and placed into cryovials. The cryovials were gradually 

placed at -80°C. After one day, they were placed to liquid nitrogen tank. 

2.2.2.5 Cell counting  

5x105cells /well were seeded in 6-well plates and incubated into the CO2 

incubator at 37°C. After twenty-four hours, the medium of the cells were 

discarded and washed with 1 mL of PBS. The cells were subjected to 

trypsination. Detached cell suspensions were transferred to separate eppendorfs 

and 0.25 % (w/v) trypan blue were applied for counting using hemocytometer 
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under light microscopy. 10 μL of mixed cell suspension was put on two 

chambers of the hemocytometer. The calculations were done according to the 

averages of two chambers as follows;  

Cell number / mL = the average cell number of the two chambers x DF x 104 

DF= Dilution factor that was done with Trypan Blue 

104= Factor calculated from the dimensions of hemocytometer 

The dimensions of each chamber on the hemocytometer were 1cm length, 1 cm 

width and 0.1 cm height, having volume of 0.1 cm3 or 10-4 mm3 (10-4 mL). 

 2.2.3 Visualization of Intracellular MNP  

2.2.3.1 Cellular Uptake by TEM 

Qualitative analyses of internalized naked and silica coated MNPs were 

performed by TEM. The cells were seeded into six-well plates overnight and 

treated with MNPs for 24 h at 125 μg /mL concentration. Cells were collected 

and fixed in 2.5% gluteraldehyde solution at +4°C and after phosphate buffer 

washing, fixed with 1% osmium tetroxide solution. The cells were dehydrated 

with graded alcohol series (50–60–70–80–90– 95–100%) and embedded in an 

Araldite mixture (Araldite CY 212 20 mL, DDSA 22 mL, BDMA 1.1 mL, 

Dibutilphtalate 0.5 mL). The cellblocks obtained were held at 60°C for 48 h to 

complete the polymerization procedure. After incubation, ultrathin sections 

were prepared using a diamond knife to a maximum thickness of 100 nm. The 

sections were stained with uranyl acetate & Reynold’s lead citrate. The grids 

were examined under a transmission electron microscopy (TEM) (FEI Tecnai 

G2 Spirit TWIN).  
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2.2.3.2 Cellular Uptake of MNPs by ICP-OES 

Quantitative analyses of internalized naked and silica coated MNPs were 

performed by inductively coupled plasma optical emission spectrometry (ICP-

OES), measuring the iron content. Briefly, 2x106 cells were plated in 60x15mm 

culture dish and incubated for 2, 4, 8, 24 h with different concentrations of 

naked and silica coated MNPs (62-500 µg/mL). Then the cells were trypsinized 

and, collected in 15 mL falcon tubes. Cells were counted on hemacytometer 

and digested with concentrated HCl acid at least 24 h to obtain a clear solution. 

Samples were diluted with water. Standards were prepared as 0.1, 0.25, 0.5, 1, 

2.5 and 5 ppm for iron element. Then the iron concentrations in digested 

samples were quantitated by ICP-OES (Direct Reading Echelle, Leeman Labs 

INC). 

Some of the parameters used in ICP-OES measurements were as follows: 

Incident plasma power was 1.2 kW, plasma coolant and the auxiliary Ar gas 

flow rates were set at 18 L/min and 0.5 L/min respectively. The nebulizer Ar 

was used at a pressure of 50 psi. Peristaltic pump at 1.2mL/min flow rate was 

used for sample transportation. 

To determine whether the uptake of MNPs into cells was energy-dependent or 

more generally, cell function dependent, the cells were incubated with MNPs 

under varying metabolic conditions. Energy dependence experiments were 

performed by pre-incubating the cells at 4oC for 30 min prior to exposure to 

MNPs. After this pre-incubation, cells were incubated with (250 µg/mL) naked 

and silica coated MNPs for 2 h at 4oC. The other cellular uptake study was 

performed at 37oC. For inhibition studies, eighty to ninety % confluent cells 

were pre-incubated with (0.1%) sodium azide, (0.45 M) sucrose and (6µg/mL) 

chlorpromazine for 30 min in separate experiments and then incubated with 

naked and silica coated MNPs for 2 h at a final concentration of 250 µg/mL 

(derived from IC50 experiments). After this incubation, the medium was 

removed and the samples were washed with DPBS, in order to ensure particle 
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removal from the outer cell membrane. Untreated cells and cells treated with 

only MNPs (no inhibitor) were used as negative and positive controls, 

respectively.  

2.2.3.3 Cellular Uptake of MNPs by Prussian Blue Staining 

For analysis of iron uptake with Prussian blue staining, three different human 

breast cell lines were incubated with naked or silica coated MNPs at 37 °C in 

5 % CO2 atmosphere for 24 h. After incubation, cells were washed two times 

with PBS and collected using 0.25 % trypsin. Subsequently, the cells were 

fixed with 4 % of formaldehyde and again washed with distilled water three 

times. The mixture of 5 % potassium ferrocyanide and 5 % hydrochloric acid 

solutions at a ratio of 1:1 was used as working solution and added to the fixed 

cells for 30 min incubation at room temperature. Cells were then washed by 

distilled water three times and counterstained with Nuclear Fast Red for 5 min 

and evaluated under Zeiss Axioscope Microscope, Goettingen, Germany [20].  

2.2.3.4 Cellular Uptake of MNPs by Flow Cytometry 

The uptake of MNPs using flow cytometry was carried out according to the 

method developed by Suzuki et al [90]. The principle of this assay is based on 

the differences in the intensity of the scattered light. The forward scattered 

(FSC) light stay constant during uptake of non-fluorescent MNPs, while side-

scattered (SSC) light increases in proportion to the concentration of MNPs 

inside the cells. In our study, 105 cells/mL were seeded in 6-well cell culture 

plates. After twenty-four hours incubations, the cells were treated with 50 and 

100 µg/mL MNPs for 24 hours. The medium containing excessive MNPs were 

discarded and washed at least three times PBS. Then, the cells were detached 

using 0.25 % trypsin and centrifuged at 250 g for 5 min. The supernatant was 

removed and the pellet was resuspended in 4 % paraformaldehyde at 4 ºC 

before measuring by flow cytometry. They were then centrifuged at 250 g for 

5 min. The supernatant was again removed and the pellet was resuspended in 
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0.5 mL of PBS. The uptake of particles was determined by flow cytometer 

(Accuri II, BD BioSciences, San Jose, CA, USA) equipped with a 488 nm laser. 

 

2.2.4 Cytotoxicity Assay  

2.2.4.1 XTT assay  

The cell proliferation 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-

Tetrazolium-5-Carboxanilide (XTT) kit was used for the cytotoxicity 

evaluation according to the manufacturer’s instructions. Briefly the tetrazolium 

salt XTT was reduced to orange colored formazan compounds by the activity 

of mitochondrial enzymes of the metabolically active cells [22]. The formed 

product was water-soluble and can readily be observed with ELISA reader 

(Biotek, Epoch) at 415 nm. The results were given as percentage of viable cells 

relative to the control. Eight duplicates were prepared for each condition. The 

percentage of cell viability in the control group was shown as 100%. The 

concentration required inhibiting 50% of cell growth (IC50), as the biomarker 

of cytotoxicity was determined from cytotoxicity curves. 

 

The results were expressed in terms of percentage cellular viability with respect 

to concentrations and calculated with the formula given in Equation 1. 

 

Equation 1. The formula for % Cell Viability. 

 
 

2.2.4.2 Trypan Blue Exclusion Method 

250.000 cells/mL were seeded in 6 well plates and incubated for 24 h in CO2 

incubator at 37oC. After twenty hours incubations, the medium was removed 
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and the cells were exposed with varying concentrations of MNPs for 4 and 24 

h. After twenty hours treatment, the medium was removed and washed with 

PBS and trypsin were applied. Suspended cells were collected in an eppendorf 

tube. Detached cell suspensions were transferred to separate eppendorfs and 

0.25 % (w/v) trypan blue were applied for counting using hemocytometer under 

light microscopy. 10 μL of mixed cell suspension was put on two chambers of 

the hemocytometer. Percent cell viability was calculated according to the 

equation that was given in the section 2.2.2.5. 

2.2.5 Genotoxicity Assay 

2.2.5.1 Single-Cell Gel Electrophoresis (SCGE, Comet)  

The alkaline comet assay was performed according to Singh et al. [91] with 

slight modifications. Cells were seeded in 24 well plates. After 24 h incubation 

cells were treated with naked and silica coated MNPs ranging from 15 to 500 

µg/mL concentrations for 4 and 24 h treatments. Untreated complete medium 

and hydrogen peroxide (20 and 40 µM H2O2) served as negative and positive 

controls, respectively. At the end of treatments the cells were washed three 

times with PBS and then trypsinized. Cells at a concentration of 2x104 cell/mL 

were suspended in 0.65 % low melting-point agarose (LMA) and layered onto 

a microscope slide precoated with 0.65 % high melting-point agarose (HMA) 

and covered with a coverslip. After solidification of agarose, the coverslips 

were removed and the slides were immersed in light-protected freshly prepared 

cold lysing solution (89% lysing buffer 2.5 M NaCl, 0.1 M Na2EDTA, 10 mM 

Tris–HCl, 1% Triton X-100, 10% dimethyl sulfoxide; pH 10) overnight at 4 

°C. Slides were pretreated 20 min in freshly prepared electrophoresis buffer 

(0.3 M NaOH, 1 mM Na2EDTA; pH 13) to allow unwinding of DNA and then 

electrophoresis was carried out at 25 V and 300 mA for 20 min at 4 °C (Thermo 

EC250-90). The slides were neutralized three times for five min in neutralizing 

buffer (0.4 M Tris–HCl; pH 7.5). The gels were then stained with 20μg/mL 

ethidium bromide (Sigma, USA), and 50 cells per slide were scored using 
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Comet Assay III image-analysis software system (Perceptive Instruments, UK) 

attached to fluorescence microscope (Zeiss Axioscope, Germany). All the steps 

of the Comet assay were conducted under yellow lamp in the dark to prevent 

additional DNA damage. Tail moment (percent DNA in the tail) was chosen as 

the measure of DNA damage. Experiments were repeated three times and we 

used duplicate samples were used. Two slides were prepared for each sample. 

The cell viability was assessed using trypan blue dye exclusion assay.  

2.2.5.2 Cytokinesis-Blocked Micronucleus (CBMN) assay 

In vitro CBMN assay was carried out according to the Organisation for 

Economic Co-operation and Development (OECD) Guideline 487 (OECD, 

2007) and Fenech [92]. Cells were seeded at a concentration of 2.5 × 105 

cells/mL and incubated at 37/5% CO2 for 24 h in T25 flasks (Greiner Bio-one) 

and were treated at a concentration range of 15- 500 µg/mL of naked and silica 

coated MNPs for 4 and 24 h medium growth and (0,6g/mL) Mitomycin C 

(MMC) were used as negative and positive controls, respectively. At the end 

of treatments, cells were washed with complete medium and (final 

concentration of 6 μg/mL) cytochalasin B was added for the last 24 h of the 

culture. The cells were harvested with (0.25%) trypsin and the cell suspension 

was centrifuged at 250 g for 10 min. Samples centrifuged and re-suspended in 

0.075 M KCl at 4ºC for 3 min as hypotonic treatment. Cells were then fixed 

with methanol–acetic acid (3:1; v/v) at least three times, dropped onto cold 

slides, air-dried and stained with Giemsa–May Grunwald. Micronucleus 

frequency was evaluated by scoring a total of 2000 binucleated (1000 

binucleate cells from each replicate) cells per treatment at 400x magnification 

(Zeiss Axioscope Microscope, Goettingen, Germany). The cytokinesis block 

proliferation index (CBPI) was also calculated from 500 cells/concentration as 

recommended in the OECD Guideline No. 487 (OECD, 2007) as follows: 



38 

 

Equation 2. Calculation of CBPI 

CBPI = (No of mononucleate cells + 2 x No of binucleate cells + 3 x No of 

multinucleate cells)/Total No of cells. 

2.2.6 Measurement of Intracellular ROS 

2.2.6.1 Assay of Reactive Oxygen Species (ROS)  

The level of intracellular ROS production was investigated by the method of 

Wan et al [93] and with modifications by Wilson et al [94] using 2, 7-

dichlorofluorescein diacetate (DCFDA) dye. 1 x 104 cells/well were seeded in 

a 96-well black –clear bottom plate. After 24 h incubation, the cells were 

exposed to both types of MNPs (62 to 500 µg/mL) for 4 and 24 h. The MNPs 

containing medium was aspirated and cells were washed twice with PBS. After, 

culture medium containing (20 μM) DCFDA dye was added to each well. The 

plate was incubated for 30 min at 37 ºC and the medium containing DCFDA 

was removed. Two hundred μL of PBS was then added to each well and 

fluorescence intensity was measured in a Fluorescence BMG optima 

(Germany) multiwell plate reader, software at excitation and emission 

wavelengths of 485 and 530 nm, respectively. To assess if the auto fluorescence 

of MNPs interfere with the DCFDA dye, a set of experiment without cells were 

also conducted in parallel. The qualitative analysis of ROS generation was done 

using a FLoid cell imaging station (Thermo Fisher Scientific). For 

visualization, the adherent cells (MCF-7, MDA-MB-231, and MCF-10A) were 

seeded on coverslips before incubating with varying concentrations of both 

MNPs. The cells were incubated for 24 h with MNPs that were added to the 

culture medium. Control cells were grown without MNPs. The cells were then 

washed three times with PBS and incubated for 20 min with 10 mM DCFDA 

in serum free medium at 37 ºC. The cells were subsequently washed three times 

with ice cold PBS, fixed with 2% paraformaldehyde for 15 min at room 
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temperature and the cell coated cover slip were finally mounted on microscope 

slides by using mounting medium with DAPI. All samples were observed on 

Floid cell imaging station (Thermo Fisher Scientific). 

Percentage ROS generation was calculated as follows, after correcting for 

background fluorescence: 

Equation 3. Percentage ROS generation 

= [(F485/530sample-F485/530 sample blank)/ (F485/530 control-F485/530 control blank)] 

x 100 

2.2.6.2 Lipid Peroxidation Assay 

The thiobarbituric acid reactive species (TBARS) assay was used to evaluate 

malondialdehyde (MDA) which is the product of lipid peroxidation formed 

[95]. The basis of assay is depending on the fact that the quantification of 

colored complex product between thiobarbitutic acid (TBA) and MDA 

resulting from hydrolysis of acid. Briefly, the cells exposed with both MNPs 

were collected by scraping into water and 1% Triton-X100 was added to each 

sample. Five hundred μL of cell extract were mixed with 500 μL of hydrolysis 

solution (0.25 M HCl containing 3.75 % (v/v) TBA and 15 % (v/v) 

trichloroacetic acid) and incubated at 90 ◦C for 60 min. After cooling in ice to 

stop hydrolysis, the complex formed was extracted with 1 mL of n-butanol. 

The mixture was vigorously shaken and centrifuged at 3000× g for 10 min. The 

absorbance in butanolic phase was measured using a spectrophotometer 

(Multiskan Go, Thermo Fischer) at 530 nm. Hydrogen peroxide that induces 

lipid peroxidation of the cells was used as positive control. The results were 

calculated as nmole of MDA/ mg of protein and data were expressed as a ratio 

compared to the control. Bradford method was used to determine protein [96]. 
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2.2.7 Apoptosis Assay  

2.2.7.1 Annexin-V-FITC / PI Staining 

FITC Annexin-V Apoptosis detection kit with PI were used in order to 

investigate the apoptotic effects of MNPs in MDA-MB-231, MCF-7 and MCF-

10A cells described by the manufacturer. All cells (1 x 106) were treated with 

naked and silica coated MNPs for 24 h and stained with propidium iodide (PI) 

and fluorescein isothiocyanate (FITC)-conjugated Annexin-V. The stained 

cells were incubated on ice and a minimum of 10,000 events were acquired by 

using BD Accuri C6 flow cytometer (Becton-Dickinson, Franklin Lakes, NJ) 

and the percentage of cells for each event (early apoptotic, necrotic phase or 

late apoptotic) was obtained by using the Cell Quest Pro software (Becton- 

Dickinson). 

2.2.7.2 Gene Expression Analysis 

For real time quantitative polymerase chain reaction  (RT-qPCR), the 

RealMasterMix Fast SYBR Kit (5 PRIME, USA) was used with the Rotor 

Gene 6000 (Corbett, Qiagen) cycler. The cells were cultured in six well plates 

as 104 cells per 2 mL for each well. Then, the cells were treated with 2DG-

MNP at final concentrations of 125 and 500 µg/mL for 24 and 72 hours. Total 

RNA was isolated using PerfectPure RNA Isolation Kit (5 PRIME, USA) 

according to the manufacturer’s instructions. In order to generate first strand 

cDNA, RealMasterScript SuperMix Kit (5PRIME) was used. The mRNA 

levels of BAX, BCL-2, PUMA, SURVIVIN, CYP1A1, CY1B1, GSTM3 and 

GSTZ1 as well as ß-actin, were assayed using gene-specific SYBR Green-

based The RealMasterMix Fast (5PRIME) according to the manufacturer’s 

instructions. All samples and controls were run in triplicate. Quantification was 

done by 2–Ct method [97]. The data were normalized according to the 

reference gene, ß-actin, and the level of candidate gene expression of 2DG-

MNP treated and untreated samples were compared in order to investigate 
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relative gene expression. The primer sequences and amplification, melting and 

standard curves are displayed in Appendices B. 

2.2.8 The Preparation of  2-amino-2-deoxy-glucose Labeled Cobalt Ferrite 

Magnetic Nanoparticles (2DG-MNPs)  

2.2.8.1 Functionalization of Silica Coated Cobalt Ferrite Nanoparticles 

(CoFe MNPs) 

After silica coating process, the nanoparticle surface was further modified with 

amine groups using APTES [98]. Two hundred µL APTES was added drop 

wise into the solution containing 12 mL DMF and 8 mL toluene under magnetic 

stirring for 24 h. The modified nanoparticles were washed with toluene by 

using a magnet and collected to re-disperse in 10 mL DMF. Then amine 

modified silica coated nanoparticles were functionalized with -COOH by using 

glutaric anhydride. The nanoparticle suspension in DMF was added drop wise 

to 10 mL DMF solution containing 0.1 g glutaric anhydride and was stirred for 

24 h at room temperature. The -COOH modified CoFe MNPs (COOH-MNPs) 

were washed with DMF and the deionized water by using magnet. For the 

characterization of prepared COOH-MNPs, dynamic light scattering (DLS) 

(Malvern Nano ZS90) and, Fourier transform–infrared spectroscopy (FT–IR) 

(Alpha, Bruker) methods were utilized. 

2.2.8.2 Modification of COOH-MNPs with 2-amino-2-deoxy-glucose 

(2DG) 

For the immobilization of 2-amino-2-deoxy-glucose (2DG) on COOH-MNPs 

surface, surface activation was achieved via esterification reaction by EDC and 

NHS crosslinkers according to Xiong et al [33]. EDC (1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide) (0.5 mM) and NHS (N-

Hydroxysuccinimide) (2.5 mM) were added to the 10 mL of (1 mM) CoFe 

MNP solution and allowed to react for 30 min at room temperature. Then 

2DG.HCI solution was added with a final concentration of 2 mg/mL to the 
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CoFe MNP solution and mixed for 2 h at room temperature. The 2DG 

conjugated CoFe MNPs (2DG-MNPs) were then washed three times with 

deionized water. 

2.2.8.3 Spectrophotometric Determination of  2DG on COOH-MNPs 

In the standard procedure [99], 2DG-MNPs samples in 100 µL of water was 

mixed with 100 µL, 0.5 N NaOH. Then, 100 µL of 3-methyl-2-

benzothiazolinone hydrazone hydrochloride hydrate (MBTH) (Sigma-Aldrich, 

USA) reagent was added to this sample (the reagent was prepared by mixing 3 

mg/ml MBTH and 1 mg/ml dithiothreitol (DTT) (Sigma-Aldrich, USA)). The 

prepared standard sugar solutions (0.1 - 1.0 mM) and the samples were heated 

for 15 min at 80 °C in an aluminum heat block. After heating, 200 µL of a 

solution containing 0.5 % (FeNH4(SO4)2).12 H2O, 0.5% sulfamic acid (Sigma-

Aldrich, USA), and 0.25 N HCl were added to each, then all the standard 

solutions and the samples were allowed to cool to room temperature and the 

their absorbances were measured at 620 nm with Multiskan GO microplate 

reader (Thermo Scientific, USA). The similar procedure was also applied to 

the non-modified COOH-MNPs; called as control experiment. The amount of 

2DG attached to the nanoparticle surface was then calculated and the results 

were given as mM glucose/mg nanoparticle. 

2.2.9 Visualization of Intracellular 2DG-MNP  

2.2.9.1 Cellular Uptake of 2DG-MNPs by TEM 

Cellular internalization of 2DG-MNPs were studied by TEM as given 

previously in the section 2.2.3.1. 

2.2.9.2 Cellular Uptake of 2DG-MNPs by ICP-OES  

ICP-OES studies for cellular uptake of 2DG-MNPs were given by previously 

in the section 2.2.3.2. 
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2.2.9.3 Cellular Uptake of 2DG-MNPs by Prussian Blue Staining  

Prussian blue staining studies for cellular uptake of 2DG-MNPs was given by 

previously in the section 2.2.3.3. 

2.2.10 The cytotoxicity of   2DG-MNPs 

2.2.10.1 Cell viability (XTT) assay 

The potential cytotoxic effects of 2DG-MNPs were studied as given previously 

in the section 2.2.4.1. 

2.2.11 Apoptosis Assay 

 2.2.11.1 Annexin-V-FITC/PI staining 

Cells were seeded at a density of 1 x 106 in 6 well plates and were treated with 

2DG-MNPs (125, 250 and 500 µg/mL) for 24 h. The details of experiments 

were given previously in the section 2.2.7.1.  

2.2.11.2 Gene expression analysis 

All types of cells were treated with 2DG-MNP at final concentrations of 125 

and 500 µg/mL for 24 and 72 h. The experimental details of gene expression 

analysis were given previously in section 2.2.7.2. 

2.2.12 The Conjugation of  EF2K siRNA to Cobalt Ferrite Magnetic 

Nanoparticle (MNP-EF2K siRNA)  

2.2.12.1 Cell Lines and Culture 

The human breast cancer MDA-MB-231 cells (Triple negative; ER-, PR-, 

HER-), MDA-MB-436 (BRCA1 mutated) were maintained in cultured in 

DMEM/F12 supplemented with 10 % FBS. HCC-1937 (BRCA1 mutated) cell 

were cultured in RPMI supplemented with 10 % FBS. All media contain (100 

units/mL) penicillin and streptomycin. Cells were maintained at 37°C in a 
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humidified atmosphere containing 5% CO2/95% air, and were used between 

passages 4 and 15. 

2.2.12.2 Transfections with siRNA 

The siRNA, targeting EF2K (Sigma-Aldrich) was designed using siRNA-

designing software (Qiagen, Valencia, CA, USA):  

EF2K siRNA#1,  

5-3’ sense strand GCCAACCCAGUACUACCAAA [dT]*[dT][AMC7F], 

5-3’ anti sense UUUGGUAGUACUGGUUGGC [dT]*[dT]. 

Control non-silencing siRNA  

5-3’ sense strand UUCUCCGAACGUGUCACGUUU [dT]*[dT] 

5-3’anti sense ACGUGACACGUUCGGAGAAUU [dT]*[dT]. 

Cells were transfected with either siRNA, at a final concentration of 50 nM for 

72 h using HiPerFect Transfection Reagent (Qiagen) according to the 

manufacturer’s protocol. Non-silencing control siRNA–transfected cells were 

used as negative controls. After treatment, the cells were harvested/processed 

for further analysis and assays. 

2.2.12.3 EDC/s-NHS Coupling Reactions  

3' Amine modified eEF2k siRNA was immobilized on COOH modified Cobalt 

Ferrite MNP surface, the surface activation was achieved via esterification 

reaction by EDC and sulfo-NHS crosslinkers [33]. The aqueous solutions of 

coupling reagents EDC (0.5 mM) and sulfo-NHS (2.5 mM) were added to 

MNPs solution and allowed to react for 30 min at room temperature. The 3' 

Amine modified eEF2k siRNA were added to the MNP solution and then 

incubated for 3 h at room temperature. The complex was purified away with 

ultrafiltration filters. 
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2.2.12.4 In vitro Cellular Uptake 

The cells were seeded at a density of 1 × 105 cells per well in Lab-tekII® 

chamber slide system in DMEM supplemented with 10% fetal bovine serum 

(FBS), 1% of a penicillin/streptomycin mixture Cells were incubated for 24 h. 

Then, MNP-EF2K siRNA labeled with Cy3 was added to the medium for 4 h. 

After incubation, cells were fixed at room temperature for 15 min with 4% 

paraformaldehyde. Following cell fixation, cells were incubated with 4,6-

diamidino-2-phenylindole (DAPI) at a concentration of 0.2 g/mL in 

phosphate buffer saline (PBS) for 15 min protected from light, washed twice 

with PBS and once with water to avoid salt crystals formation. 

2.2.12.5 Prussian Blue Staining 

Approximately 1 × 105 cells were seeded in each cell culture chamber for 

growth overnight. After incubation with 100 μg/ml MNP-EF2K siRNA for 4 

h, the cells were washed three times with PBS buffer. The details of 

experiments were given previously in the section 2.2.3.3.  

2.2.12.6 Clonogenic Survival Assay 

The basis of assay is depending on the fact that all the cells that generate the 

colony are the progeny of a single cell. The formed colonies can be seen with 

the naked eye and this is the of the maintenance of the capacity to reproduce 

[100]. Briefly, 300 cells were counted and mixed gently and seeded on a 24-

well plate. After being incubated for 24 h, the cells were transfected with 

control and EF-2K siRNA, MNP, MNP-EF2K siRNA about 2 weeks later. 

Fixation and staining of clones was done with a mixture of 0.5% crystal violet 

in 50/50 for 30 min. The plates were washed with water and left for drying at 

room temperature. Colonies with a diameter of more than 50 cells were 

counted. Each experiment was performed in duplicate. 
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2.2.12.7 Matrigel Invasion Assay 

The Boyden chamber invasion assay was carried out which mimics the in vivo 

metastasis process [101]. Invasive capacities of cancer cells can be determined 

by establishing a barrier of extracellular matrix (ECM) through which the cells 

are expected to invade All cells were transfected with control or eEF2K siRNA, 

MNP, MNP-EF2K siRNA and 24 h later, cells were seeded onto Matrigel-

coated Transwell filters (8-mm pore size) in Matrigel invasion chambers (BD 

Biosciences, San Jose, CA). Cells that invaded through the Matrigel onto the 

lower side of the filter were fixed, stained with the Hema-3 Stain System 

(Fisher Scientific), and photographed. The number of cells that invaded the 

lower side of the membrane was determined at 72 h by counting cells in a 

minimum of four randomly selected areas. 

2.2.12.8 Migration Assay 

The in vitro scratch wound healing assay was used to measure for cellular 

motility [86, 102]. The control, EF-2K siRNA, MNP and MNP-EF2K siRNA 

treated cells were seeded in 6-well plates (5 x 105 cells/well), and incubated 

until they were 90% confluent. The monolayer of cells was scratched carefully 

using a 10 µL a sterile pipette tip. The cellular debris was removed by washing 

twice with PBS and the cells were then incubated in complete medium. 

Immediately after wounding, images were captured with a phase-contrast 

microscope (Nikon Instruments Inc., Melville, NY, USA), in order to 

determine the wound width at time 0, and wound sizes were verified with an 

ocular ruler to ensure that all wounds were the same width at the beginning of 

the experiment. The wound healing was visualized by comparing photographs 

taken at 0 h with those taken at 24 and 48 h later, and analyzed for the distance 

migrated by the leading edge of the wound at each time-point. The distances 

between the wound edges were measured from images of the wound using the 

Image J 1.42 program. Three experiments were done in triplicate. 
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2.2.12.9 Western Blot Analysis 

All three types of cells were plated in 25-cm2 culture flasks (0.5x106 

cells/flask). After the treatments, the cells were collected, centrifuged, washed 

twice in ice cold PBS and whole-cell lysates were obtained by suspending the 

cells in a lysis buffer at 4ºC. Lysates were centrifuged at 13,000 g for 10 min 

at 4ºC, and the supernatant fractions were collected. Protein concentration for 

each sample was determined by Bradford assay (Bio-Rad, Hercules, CA), and 

Western blotting was performed as described Tekedereli et al [87]. The 

membranes were blocked with 5% dry milk or BSA and probed with the 

following primary antibodies: eEF-2K, p-EF2 (Thr-56), EF2, cyclin D1, p-Akt 

(Ser-473), Akt, p-Src (Tyr-416), Src, p-paxillin (Tyr-31), paxillin, 4E-BP1, p-

4e-bp1, CD44, ALDH1A1, Claudin1, VEGF, p-FAK (Tyr-397), FAK, c-Myc, 

CCL2, Horseradish peroxidase-conjugated anti-rabbit or anti-mouse secondary 

antibody were used for detection. Chemi-glow detection reagents were used for 

chemiluminescent detection. The blots were visualized with a FluorChem 8900 

imager and quantified by a densitometer using the Alpha Imager application 

program. Mouse anti-ß-actin (primary) and donkey anti-mouse (secondary) 

antibodies were used to monitor ß-actin expression as a internal control. 

2.2.12.10 Orthotopic Xenograft Tumor Model of Breast Cancer 

Athymic female nu/nu mice (4-5 week old) were obtained from the Department 

of Experimental Radiation Oncology at M. D. Anderson Cancer Center, 

Houston, TX. All studies were conducted according to an experimental 

protocol approved by the M. D. Anderson Institutional Animal Care and Use 

Committee. MDA-MB-436 cells (2×106) were injected into the right middle 

mammary fat pad of each mouse. Two weeks after injection, when tumor size 

reached about 3–5 mm, EF2K or control siRNA loaded MNP treatments were 

initiated. Each mouse received 0.3mg/kg (equivalent of ~8 µg/mouse) non-

silencing control siRNA or MNP-EF2K siRNA once a week (i.v. injection into 

the tail vein in 100 µL saline) for four weeks. Tumor growth was monitored 
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using the tumor calipers. The estimated volume was calculated based on the 

following equation: tumor volume = 1/2 × width2× length. After 4 weeks of 

treatments, mice were euthanized with CO2. And tumor tissues were removed 

for Western blot, Immunohistochemistry and TUNEL and Ki-67analysis.  

2.2.12.11 In vivo Tissue Distribution of MNP-siRNA nanoparticles 

Control untreated mice and MNP-EF2K siRNA injected mice post injection 

was sacrificed after 24 h. Major organs including liver, spleen, kidney, heart, 

lung and tumor were collected, fixed in 4% formalin, conducted with paraffin 

embedded sections, stained with hematoxylin eosin (H&E) and Prussian blue, 

and then examined under a digital microscope (Leica QWin). 

2.2.12.12 Immunohistochemical Analysis  

Ki67 and terminal deoxynucleotidyl transferase–mediated dUTP nick end 

labeling (TUNEL) staining were done using formalin-fixed, paraffin-

embedded tumor sections (8 mm thickness). Apoptotic events after treatment 

with siRNA were determined by the TdT-mediated dUTP nick end labeling 

(TUNEL) colorimetric assay in tumor sections, according to the manufacturer's 

protocol. Briefly, after deparaffinization, slides were treated with proteinase K 

(1:500). Endogenous peroxidase activity was blocked with 3% H2O2 in 

methanol. After being equilibrate with equilibration buffer at room temperature 

for 10 min. slides were incubated and labeled with TdT reaction mix for 60 

minutes at 37°C in a humidified chamber and stop reaction in 2X SSC for 15 

minutes. Samples were fixed and incubated with an equilibration buffer 

followed by a reaction buffer containing nucleotide mix and terminal 

deoxynucleotidyl transferase enzyme. Finally, samples were counterstained 

with DAPI and mounted. DNA fragmentation was detected by localized green 

fluorescence within the nucleus of apoptotic cells. For each tumor section, five 

randomly selected fields were used to visualize cells at 400× magnification.  
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2.2.12.13 Immunohistochemical Analysis Proliferation and Microvessel 

density CD31 

The assay was performed accordingly to Gonzalez-Villasana [103]. Briefly, 

unstained sections of mouse tissues were deparaffinized and rehydrated. 

Antigen retrieval was performed with DAKO antigen retrieval solution. 

Endogenous peroxidase was blocked by hydrogen peroxide (3%). For protein 

blocking, IgG blocking from a Vector M.O.M. kit was applied for 1h (5% 

normal horse serum and 1% normal goat serum in PBS were used (for Ki67 

and CD31). Primary antibodies against Ki67 and anti-CD31 were incubated 

overnight at 4° for Ki67, goat anti-rabbit HRP secondary antibody and for 

CD31, goat anti-rat HRP-conjugated secondary antibody diluted in blocking 

solution were added and incubated for 1h at room temperature. Slides were 

developed with DAB substrate and counterstained with Gill’s no. 3 

hematoxylin solution. To quantify Ki67 and CD31 expression, the number of 

positive (DAB-stained) cells was counted in five random fields per slide (one 

slide per mouse, 5 slides per group) a 200× magnification, and the percentage 

of cells that were Ki67 and CD31 positive was calculated for each group.  

2.2.12.14 MTS assay for combination Olaparib (AZD2281) and MNP-

EF2K siRNA 

Cell viability was investigated with MTS assay kit according to manufacture 

instructions. Briefly, viable cells were seeded in 96 well plates 

(4x103cells/wells). Cells were treated with control siRNA, AZD2281 with 10-

25-50 µM concentrations and MNP-EF2K siRNA and combinations for 72 h. 

After treatment, a solution containing MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H tetrazolium) and PMS 

(phenazine methosulfate) (20:1 v/v) was added to the cells for 2–3 h at 37 ºC 

and the viable growing cells were estimated by monitoring the absorption of 

the product at 490 nm. All experiments were performed in triplicate and the 

results were reported as mean absorption ± standard deviation.  
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2.2.12.15 Statistical analysis 

Graphpad Prism VI statistical software (GraphPad Inc. CA, USA) was used to 

evaluate the statistical significance between groups by using one-way analysis 

of variance (ANOVA) for multiple comparisons and the Student’s t-test p value 

of less than 0.05 (p < 0.05) was regarded as statistically significant. Data were 

presented as mean ± standard error of the mean. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 

 

CHAPTER 3 

 

 

RESULTS AND DISCUSSION 

 

 

 

3.1 Characterization of Naked and Silica Coated CoFe MNPs 

 

The hydrodynamic sizes and zeta potential of naked and silica coated CoFe-

MNPs were summarized in Table 2. The Dynamic Light Scattering (DLS) 

results showed that there was no difference between naked and silica coated 

CoFe-MNPs. The average sizes of naked and silica coated CoFe-MNPs were 

found as 189.75 ± 4.20 nm and 160.03 ± 10.15 nm, respectively in complete 

medium and the zeta potentials of naked MNPs and silica coated CoFe-MNPs 

were obtained in complete medium and found as -9.76 mV and - 11.3 mV, 

respectively.  

Table 2. Zeta potential and average hydrodynamic sizes of aggregates of 

investigated CoFe-MNPs in different media. 

 
 

 

            Particle                                  Media                   Zeta Potential                DLS Mean size 
         (CoFe-MNP)                                                                (mV)                              (nm) 
                                                      
                                                        Water                          -39,5                         175.73 ± 4.63 
     SiO2 coated                              RPMI-1640                   -20,6                        708.40 ± 14.28 
                                            RPMI-1640 10%FBS             -9,76                         160.03 ±10.15   

                         
                                                        Water                         -33.5                         192.70 ± 15.13 
       Naked                                    RPMI-1640                  -15.4                          869.00 ± 12.0                                      
                                            RPMI-1640 10%FBS            -11.3                          189.75 ± 4.20 
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The Energy Dispersive X-Ray (EDX) analysis for the naked and silica coated 

cobalt ferrite nanoparticles are shown in Figure 11. The C signal was coming 

from the carbon tape used for sampling. The presence of silica peak on the 

spectrum was considered as the indication of silica layer formation on the 

surface of cobalt ferrite nanoparticles. 

 

 

 

 Figure 11. The EDX results of A) naked CoFe-MNPs and B) silica coated 

CoFe-MNPs. 

A 

B 
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FT–IR spectrum of the MNPs is given in Figure 12. Asymmetric and 

symmetric stretching of Si-O-Si vibrations was observed at 1080 cm-1. 

Its appearance was correlated with the coating of silica layer on the cobalt 

ferrite particles. The bands around 1197, 1085 cm-1 and 800 cm-1 

represent the characteristic peaks of Si-O-Si stretching and Si–O 

bending. 

 

Figure 12. FTIR results of (a)(blue line) naked cobalt ferrite (CoFe-

MNPs) and (b) (red line) silica coated cobalt ferrite magnetic 

nanoparticles (CoFe-MNPs). 

The characterization of nanoparticles is essential for the toxicity studies, 

as it has been shown that the size, surface reactivity, and degree of 

aggregation impart for their differential response in biological systems 

[104, 105]. Accordingly, the size range of the CoFe-MNPs was smaller 

than 200 nm, which can be assumed as quite consistent for biomedical 

applications [104, 106]. All the CoFe-MNPs acquired a negatively charged 

surface. The absolute value of the zeta potentials were decreased to some 

extent when they were dispersed in the complete medium, revealing the 

adsorption of serum proteins which were less negatively charged at 

physiological conditions. In the culture media CoFe-MNPs were more 

stable and serum protein stabilized the particles by preventing strong 

aggregation. 
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3.2 Visualization of Intracellular MNP 

3.2.1 Cellular Uptake by TEM 

According to the TEM microphotographs, a significant increase in cellular 

uptake has been found with both naked and silica coated MNPs in MDA-MB-

231 and MCF-10A cells as shown in Figure 13-15. 

 

 

Figure 13. Representative TEM microphotographs of MDA-MB-231 cells 

treated with MNPs. The sections (a, c, d, e) were not stained with any reagent 

for detecting of cellular uptake of nanoparticles. Uptake of naked (a-b) and 

silica coated (c, d) MNPs were initiated upon the invagination of the plasma 

membrane (arrows shows MNPs). Some cells (b, c) still in the process of 

uptake at the plasma membrane. Some naked nanoparticles had already been 

internalized into the cells (e). Silica coated MNPs were trapped inside the 

endosome (f). The scale bar is 200 nm for (a, b, c, e), 2 µm for (f) and 100 

nm for (d). Images were collected using TEM and a digital camera. 
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These observations were also confirmed by a TEM micrograph of cells 

incubated with MNPs for 24 h (Figure 14), which showed large MNP 

aggregates inside the cytoplasm.  

 

Figure 14. Internalization of MNPs in MDA-MB-231 cells observed with 

TEM. Naked MNPs are found in larger aggregates in bigger membrane bound 

vesicles  (A-C), and already internalized silica coated MNPs aggregates in 

endosomes and in a multivesicular body (B-D) (The scale bar is 5 µm (a, b) and 

1 µm (c), 500 nm (d)). 

Most of the aggregates, independently of their size, were in vesicles. Certain 

MNPs aggregates could, as well, have escaped the vesicles and be present in 

the cytosol. No MNPs were found in the nucleus despite large quantities of 

internalized MNPs, internalization was still observed. 
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Figure 15. TEM images of ultrathin sections of MCF-10A cells. Magnified 

images of naked MNPs showed that the cluster is composed of individual 

nanoparticles inside of endosome (A). Image shows endosomes in cytosol 

that are loaded with silica coated MNPs (B). The scale bar is 1 µm (A) and 

2 µm (B) and magnified image scale bar 200nm. 

 

3.2.2 Cellular Uptake of MNPs by ICP-OES 

According to cellular uptake results by inductively coupled plasma optical 

emission spectrometry (ICP-OES), iron concentrations per cell (pg/cell) for 

MDA-MB-231 and MCF-10A cells were given in Figure 16. It can be clearly 

seen that, the uptake of the silica coated and naked MNPs were concentration 

dependent and silica coated MNPs were significantly internalized more 

compared to naked one (p<0.001) in both MDA-MB-231 and MCF-10A cells.  
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Figure 16. ICP-OES measurements and comparison of intracellular 

uptake of naked and silica coated CoFe-MNPs in MDA-MB-231 vs MCF-

10A for 24 h. The iron concentrations of untreated cells were used as 

background. Error bars represent standard deviation (*p < 0.05, **p < 

0.01, ***p < 0.001) 

As shown in Figure 17, the uptake of MNPs at 250 µg/mL concentration 

significantly increased in the first 4 h, but the uptake rate gradually slowed 

and reached a plateau at 8 h, The average uptake rates during the first 4 h 

were 24 and 42 pg/cell per hour for naked and silica coated MNPs in 

MCF-10A, respectively, 165 and 191 pg/cell per hour for naked and silica 

coated MNPs in MDA-MB-231 respectively. Moreover, compared to 

naked MNPs, silica coated ones exhibited higher uptake rate and 

internalized MNPs were significantly higher for MDA-MB-231 cells than 

that of MCF-10A cells. 
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Figure 17. ICP-OES measurements of intracellular uptake of naked and 

silica coated in MDA-MB-231 and MCF-10A cells after 2 h, 4 h, 8 h and 24 

h of CoFe-MNPs (250 µg/mL) incubation. The iron concentrations of 

untreated cells were used as background. Error bars represents standard 

deviation. 
 

It is crucial to assess nanoparticles’ uptake and correlate it with the cellular 

response, which could be linked to the toxicity as well. In our study the 

uptake studies revealed a good relationship between the uptake level and the 

incubation time. Also, the cellular uptake and potential saturated 

accumulation of CoFe-MNPs was cell and time dependent. According to our 

results, the highest iron content, representing internalized CoFe-MNPs, was 

measured in cancer MDA-MB-231 cells. Also, other studies confirmed that 

cancer cells were more prone to the internalization of the MNPs than normal 

cells [107]. The reason is that cancer cells possess higher endocytosis 

potential than normal cells due to the enhanced requirement for nutrients by 

virtue of their high metabolic activity and proliferation rate [108]. Typical 

TEM images demonstrated that MNPs were localized in the cytoplasm both 

for naked and silica coated ones while the nuclear membranes of the cells 

were intact.  
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As it can be seen from Figure 18 and Figure 19 the uptake of the naked and 

silica coated MNPs were significantly reduced as 27.5% and 45.32% in MDA-

MB-231 cell line and 23.35 % and 31.38 % in MCF-10A cell line at 4oC when 

compared to 37oC, respectively (p<0.001).  

Similarly, metabolic inhibitors in terms of sucrose (0.45 M), sodium azide 

(0.1%), chlorpromazine (6 µg/mL) significantly prevented the delivery of the 

naked and coated CoFe MNPs into the both the cell lines when compared to 

control (p<0.001). 

 

 

Figure 18. Uptake of CoFe-MNPs (compared to the controls at 37°C) in 

the presence of different endocytic inhibitors in MDA-MB-231 4°C, 

sucrose (0.45 M), NaN3 (0.1%), and chlorpromazine (CLPZ) (6 µg/mL). 

The iron concentrations of untreated cells were used as background. Error 

bars represent standard deviation. (*p < 0.05, **p < 0.01, ***p < 0.001) 
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Figure 19. Uptake of CoFe-MNPs (compared to the controls at 37°C) in the 

presence of different endocytic inhibitors in MCF-10A 4°C, sucrose (0.45 

M), NaN3 (0.1%), and chlorpromazine (CLPZ) (6 µg/mL). The iron 

concentrations of untreated cells were used as background.  Error bars 

represent standard deviation. (*p < 0.05, **p < 0.01, ***p < 0.001) 

 

Cellular uptake of nanoparticles has been shown to be mediated by endocytosis, 

beginning with the invagination of the plasma membrane at either clathrin-

coated pits or caveolae [109]. Consistently, we also observed the uptake of 

CoFe-MNPs into different cells was mediated by endocytosis.  

Our results demonstrated that uptake of CoFe-MNPs into the cells required an 

appropriate temperature. It was shown that several proteins and enzymes were 

sensitive to the temperature, inhibited by lowered temperatures [110, 111]. 

Exposure to MNPs at 4ºC and other metabolic inhibitors in terms of sucrose, 

NaN3, chlorpromazine, resulted, as expected, to a very strong inhibition of 

endocytosis and halted internalization of CoFe-MNPs in both the cell lines. The 

results clearly demonstrated that CoFe-MNPs entered the cells in an energy-

dependent manner. Taken together, the broader classes of endocytic pathways 

including macro pinocytosis and clathrin-mediated endocytosis are possible in 

the predominant uptake mechanisms for naked and silica coated CoFe-MNP in 

both cancer and non-cancer human breast cells. 

co
ntr

ol
4°

C

Sucro
se

N
aN

3

C
lp

z

co
ntr

ol
4°C

Sucro
se

N
aN 3

C
lp

z

0

20

40

60

80

100

F
e

/c
e

ll
 (

p
g

/c
e

ll
)

Inhibitors Inhibitors

*********
*** *** *********

MCF-10A Silica coated MNP

MCF-10A Naked MNP



61 

 

3.2.3 Cellular Uptake of MNPs by Prussian Blue Staining 

In order to visualize the cells exposed to both naked and silica coated MNPs, 

Prussian blue staining method was used and the microscopy images of the cells 

were evaluated by comparing the untreated cells as well as the particle type 

(Figure 20). 

 

Figure 20. Light microscopy images of MDA-MB-231, MCF-7 and MCF-

10A cells that are stained with Prussian blue, followed by counterstain 

nuclear fast red. Light pink coloring of cytoplasm, dark pink coloring of 

nucleus and blue coloring of iron core of the molecules were seen. The cells 

were treated with naked and silica coated MNPs at concentrations of 125 

µg/mL for 24 h. The scale bar in the images is 200 µm. 
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When we compare the blue granules, which are MNPs, it is seen that though 

silica coated MNPs was internalized by all cell types, the nanoparticle uptake 

was much more in cancer cells than the normal cells. It is also obvious that the 

uptake of silica coated MNPs was higher than that of naked MNPs. MDA-MB-

231 and MCF-7 cells have higher uptake capacity of compared to healthy cells, 

because of their higher nutrition requirement for proliferation and growth. 

Thus, they are likely to internalize more material with respect to healthy cells 

[112]. 

3.2.4 Cellular Uptake of MNPs by Flow cytometry  

The uptakes of MNPs were evaluated in the breast cancer cells MDA-MB-231 

and non-cancer breast epithelium cells MCF-10A using a flow cytometry. The 

side scatter (SSC) intensity, which represents granularity of a cell, and forward 

scatter (FSC) representing the size of cell [90] were analyzed as shown in 

Figure 21. Cells treated with MNPs showed a significant increase in the SSC-

A mean indicating a marked uptake. After 24 h exposure, MDA-MB-231 cells 

showed an SSC-A population of 71% and 91.7 % at 50 and 100 µg/mL 

concentrations, respectively as compared to the control cells (2.5 %). On the 

other hand, MCF-10A cells showed SSC-A population of 5.1 % and 16.8 % at 

50 and 100 µg/mL, respectively as compared to the control cells (2.5%).  
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Figure 21. Uptake of MNPs into (A) normal epithelium (MCF10A) and (B) 

breast cancer cells (MDA-MB-231). Real images after treatments with 

different sized MNPs (50 and 100 µg/mL) are shown for 24 h and given in 

the flow cytometry histograms. 
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3.3 XTT Assay 

 

The cytotoxic effects of naked and silica coated MNPs on MDA-MB-231; 

MCF-7 and MCF-10A cells were studied by using XTT assay (Table 3). 

 

The lowest IC50 value was obtained for MDA-MB-231 cells treated with naked 

MNP for 48 h that were followed by treatment with naked MNP for 24 h. 

Treatment with naked MNPs showed a strong viability reduction in MDA-MB-

231, MCF-7 and MCF-10A cells. On the other hand, silica coated MNPs 

showed a slight toxicity, regardless of the surface charge (Table 3). In general, 

we observed that MCF-10A cells were more resistant to MNP treatment. 

Furthermore, MDA-MB-231 and MCF-7 cells were more susceptible to 

cytotoxic effects induced by MNPs as compared to MCF-10A  

 

At first, MCF-10A did not exhibit cytotoxic effects after treatment with both 

naked and silica coated MNPs, however at high concentration as 1500 µg/mL, 

the viability decreased with naked MNPs at all three time points (Table 3). 

Naked and silica coated MNPs caused dose dependent decrease in cell viability 

for both cell lines and for all treatment durations (4, 24, 48 h) according to XTT 

assay. 
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The highlighting results due to the CoFe-MNPs cytotoxicity revealed that; 

cancer cells vs. non-cancer ones, naked particles vs. silica coated ones were 

more vulnerable to the toxicity. Similarly, Emanet et al. observed that the 

cytotoxicity of nanomaterial showed higher survival in slower proliferating 

human dermal fibroblasts (HDFs) when compared to the fast-growing human 

lung cancer cells (A549) [112]. The cytotoxicity has been found to be 

concentration dependent, which was in concordance with the scientific 

literature, based on the MNP studies. They showed that bare NPs had higher 

toxicity than to surface passivated NPs whereas silica coating improved the 

particles stability reducing both cytotoxic and genotoxic effects [113]. 

Polyacrylic acid (PAA) coated MNPs exhibited no cytotoxicity for short term 

exposure [114]. 

3.4 Genotoxicity Assay 

3.4.1 Evaluation of Genotoxicity By the Alkaline Comet Assay 

Naked MNPs showed concentration dependent increase in tail moment as the 

measure of the DNA damage, which was statistically significant starting at 62 

µg/mL (p<0.001) at 4 h and at 15 µg/mL (p<0.05) at 24 h, as given in Figure 

22. Silica coated MNP also showed concentration-dependent increase in tail 

moment but significant increase was only found at a concentration of 500 

µg/mL (p<0.001) for 4 h and at 250 µg/mL (p<0.05) for 24 h in MDA-MB-231 

cells. The cell viability measured by trypan blue assay during the treatments 

for DNA damage exceeded 70 % for all concentrations and time points used 

for MDA-MB-231 cells except for 500 µg/mL of naked MNPs at 24 h in which 

the viability decreased below 70 %. 

 



67 

 

 
Figure 22. DNA damage in MDA-MB-231 cells after 4 and 24 hours of 

exposure to different concentrations of naked and silica coated CoFe-MNP; 

olive tail moment (arbitrary unit); cell viability. (*p < 0.05, **p < 0.01, ***p 

< 0.001)  

 

DNA damage was also concentration dependent for the treatment of MCF-

10A cells with both naked and silica coated MNPs for 4 and 24 h treatments 

(Figure 23). Statistically significant increase in the tail moment was found 

between the concentration range of 125-500 µg/mL for both 4 and 24 h 

treatment of naked MNPs while the increase was observed only at a 

concentration of 500 µg/mL for 24 h treatment for silica coated ones 

(p<0.001). Also, in MCF-10A cells DNA damage was found to be lower 

compared to MDA-MB-231 cells. The cell viability exceeded 70% for all 

concentrations and time points used for MCF-10A cells. 
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Figure 23. DNA damage in MCF-10A cells after 4 and 24 h of exposure to 

different concentrations of CoFe-MNPs; olive tail moment (arbitrary unit); 

cell viability. (*p < 0.05, **p < 0.01, ***p < 0.001).Some of the 

concentration (31-62 µg/mL) are not given in the figure as effects are not 

significant. 

3.4.2 Evaluation of the Genotoxicity by Cytokinesis Blocked Micronucleus 

(CBMN) assay 

MDA-MB-231 cells treated with naked and silica coated MNPs showed 

concentration-dependent increase in MN frequency (‰) as the measure of 

genotoxicity which was statistically significant starting at 31 µg/mL (p<0.01) 

as seen in Figure 24, for 4 and 24 h treatments of naked MNPs and at 500 

µg/mL (p<0.001) for 4 h and at concentrations of 250 µg/mL and 500 µg/mL 

(p<0.001) for 24 h incubation for silica coated ones. There was no statistically 

significant difference due to CBPI among the treatments.  

Mitomycin C (MMC) is isolated from Streptomyces caespitosus, which is 

antibiotic containing a quinone. MMC produces free radicals as it metabolized. 

The formed ROS damages biological macromolecules such as nucleic acids, 
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proteins, and lipids. Therefore, Mitomycin C (MMC) is used as positive control 

in the following experiments. 

 

 
Figure 24. Micronucleus frequency (‰) of MDA-MB-231 treated with 

CoFe-MNPs showing binucleated cell and CBPI (cytokinesis block 

proliferation index). The data represent 2000 binucleated cells for MDA-

MB-231 binucleated cells. (*p < 0.05, **p < 0.01, ***p < 0.001) 

 

MCF-10A cells treated with naked and silica coated MNPs showed 

concentration dependent increase in MN frequency (‰) as a measure of 

genotoxicity which was statistically significant starting at a concentration of 

125µg/mL (p<0.01) for 4 h treatment and at 62 µg/mL (p<0.01) for 24 h 

treatment with naked MNPs as given in Figure 25. Whereas there was no 

statistical significance of MN induction below the concentration of 250 µg/mL 

for silica coated MNP in MCF-10A cells (p<0.001) for 4 and 24 h. The MN 

frequency (‰) in naked MNPs treated MCF-10A cells was relatively higher 

than the coated ones. Also, MN formation in MDA-MB-231 cells was higher 

than MCF-10A for 4 and 24 h.  
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Figure 25. Micronucleus frequency (‰) of MCF-10A treated with CoFe-

MNPs showing binucleated cell and CBPI (cytokinesis block proliferation 

index). The data represent 2000 binucleated cells for MCF-10A binucleated 

cells. *p < 0.05, **p < 0.01, ***p < 0.001 

Genotoxicity as the intermediate step of the carcinogenesis has the aspect of 

hazard identification via genotoxicity testing methods. It is a requisite to use 

validated and standardized genotoxicity assays for newly developed or 

synthesized diverse array of nanoparticles in order to determine the toxicity 

profiles [115]. For nanoparticles primary (direct contact with DNA and 

indirect contact with the genetic material i.e. via ROS generation) and 

secondary (inflammation mediated) genotoxicity mechanisms are prevailing 

[116, 117]. The use of genotoxicity tests was found to be very rare for the 

MNPs while most of the studies were focused on the cytotoxicity and 

characterization of the particles [33, 118]. Thus, in this study, as a valuable 

contribution to the MNP research, in vitro genotoxicity of naked and silica 

coated CoFe-MNPs was evaluated for the first time by the in vitro 

cytokinesis blocked micronucleus assay (CBMN) and comet assay in cancer 
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and non-cancer breast cell lines. In the mechanistic toxicity assessment of 

nanoparticles in vitro micronucleus assay and comet assay are found to be 

valuable tools. In vitro micronucleus assay has been validated and appeared 

among the OECD guidelines with the capability of reflecting clastogenic and 

aneugenic chromosomal anomalies [119].  

Comet assay, we used parallel to the in vitro CBMN assay, is a sensitive 

method for detecting DNA strand breaks, at the level of individual cells 

detecting many types of DNA damage, i.e. strand breaks, alkali labile sites, 

and incomplete excision repair sites [120]. Since nanoparticles have a large 

surface area to mass ratio, they are highly reactive to adsorb or release free 

radicals those could cause DNA damage [116].  

Both the genotoxicity assays revealed similar results with regards to the 

CoFe-MNPs even they have different mechanisms to put forward the 

genotoxicity.  The micronucleus frequency and DNA damage have been 

increased by the treatment of both naked and coated CoFe-MNPs in a 

concentration-dependent manner in the non-cytotoxic concentrations. 

Parallel to the cytotoxicity outcome naked CoFe-MNPs vs. silica coated ones 

and cancer cells vs. non-cancer cells were more vulnerable to the 

genotoxicity. One of the reasons is that normal and cancer cells have 

different tolerances to the same nanoparticles depending on time and 

concentration. Cancer cells display an enhanced state of oxidative stress due 

to oncogenic stimulation, increased metabolic activity and mitochondrial 

dysfunction, leads to DNA damage that cannot be repaired in time, leading 

to gene instability that may evoked by the nanoparticles [121]. Even though 

the cellular uptake of the silica coated CoFe MNPs were higher than the 

naked ones, the higher genotoxicity with naked CoFe MNPs could be 

explained by the reactive surface effect of the naked MNPs. The 

modification of MNPs surface through the silica layer creates an additional 

protective coating, which reduces toxicity and improves their 
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biocompatibility. This enhances MNPs resistance to the acidic conditions of 

lysosomal environment, reducing the degradation process of the cobalt/iron 

core and slowing down the ions release. This study suggests that silica coated 

CoFe-MNPs can be safely and effectively used as nanocarrier for biomedical 

applications such as gene or drug delivery agents with effectively uptake by 

cells. Our study could support the surface reactivity generated OH radicals’ 

of nanoparticles is the key element in the NPs toxicity mechanism.  

When considering the many variables such as different MNPs, cell types, 

culture conditions, and surface modifications used, it could be speculative to 

compare the results of our study on CoFe-MNPs with other MNP studies. 

For assessing the potential toxicity of them there are many international 

activities those suggesting to consider each of the NPs as a different entity 

[116] and to use a case by case approach for the hazard identification. 

Though, our results could serve as new data on CoFe-MNPs toxicity, while 

there was no study conducted in the same manner.  

3.5 Measurement of Intracellular ROS 

3.5.1 Assay for Reactive Oxygen Species (ROS)   

Nanoparticles are very reactive without any surface coating because of having 

a large surface area to mass ratio. Therefore, it is possible that NPs may adsorb 

or release free radicals on to their surface [43]. There are many research that is 

associated with ROS generation by NPs [122]. Reactive oxygen species 

generated by MNPs cause damage in various cellular components, leading to 

DNA breaks, lipid membrane peroxidation, and protein carbonylation. Free 

radicals are not easily detected due to their short-lived properties. Therefore, 

ROS production is usually evaluated by indirect methods such as measurement 

of the various end products of reactions with lipids, proteins and DNA [123]. 

The ability of naked and silica coated MNPs to induce the intracellular ROS 

generations in MCF-10A, MCF-7; and MDA-MB-231 cells were studied with 
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DCF fluorescence technique. An interesting result obtained from this study is 

that, the effects of the two types of MNPs were quite different. Treatment with 

the naked MNP caused all the cells to generate an elevated amount of total 

intracellular ROS in concentration and time-dependent manner. The results are 

given in Figures 26-28. 

 Percent DCF formation significantly increased in MCF-10A cells treated with 

naked MNPs up to 151 % and 202 %, while silica coated MNPs caused an 

increase of 104 % and 140 % fluorescence intensity (compared to control) in 

MCF-10A cells at 4 and 24 h respectively.  

Percent DCF formation was observed in MCF-7 cells with an increase of 245 

% and 280 % for naked, 180 % and 210 % for silica coated for 4 and 24 h, 

respectively. 

In MDA-MB-231 cells treated with naked and silica coated MNPs, ROS 

production was increased by 270 %, 305 % and 200 %, 240 % at 4 and 24 h, 

respectively.  

In agreement with our fluorometry results (percent DCF formation), 

visualization of ROS generation with the Fluorescence Microscope showed 

that, the DCF fluorescence intensity was increased in a concentration 

dependent manner in all cells treated with the naked MNPs, while fluorescence 

intensity was insignificant in the controls, meaning that, ROS generation 

occurred in response to naked MNPs (Figures 26-28). The core metals induced 

notably high levels of ROS generation and resulting cell death at each 

concentration used. These data provide sufficient evidence that, the generation 

of intracellular ROS is a result of the accumulated- aggregated naked MNPs in 

the cells. These results are also consistent with the articles stating that, the 

silica-coated MNPs protect the cells from oxidative stress by preventing 

soluble iron mobilization or acidic erosion [113]. 
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Figure 26. Effects of naked and silica coated MNPs on the generation of 

reactive oxygen species (ROS) in (A) MCF-10A cells for 4 and 24 h. The % 

DCF fluorescence of the control cells was considered 100 %. (B) 

Representative images of production of ROS using DCFDA dye in MCF-10A 

cells (a) Control cells,  (b-d) Cells exposed to naked MNPs  (62 μg/mL, 125 

μg/mL and 500 μg/mL, respectively) (e) positive control: H202 treatment, (f-h) 

Cells exposed to silica coated MNPs  (62 μg/mL, 125 μg/mL and 500 μg/mL 

respectively) for 24 h showing increase in fluorescence (the scale bar in the 

images 200 μm). *p < 0.05, **p < 0.01, ***p < 0.001 
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Figure 27. Effects of naked and silica coated MNPs on the generation of 

reactive oxygen species (ROS) in (A) MCF-7 cells for 4 and 24 h. The % 

DCF fluorescence of the control cells was considered 100 %. (B) 

Representative images of production of ROS using DCFDA dye in MCF-7 

cells (a) Control cells; (b-d) Cells exposed to naked MNPs  (62 μg/mL, 125 

μg/mL and 500 μg/mL respectively) (e) positive control; H202 treatment; (f-

h) Cells exposed to silica coated MNPs  (62 μg/mL, 125 μg/mL and 500 

μg/mL respectively) for 24 h showing increase in fluorescence (The scale bar 

in the images 200 μm). *p < 0.05, **p < 0.01, ***p < 0.001  
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Figure 28.  Effects of naked and silica coated MNPs on the generation of reactive 

oxygen species (ROS) in (A) MDA-MB-231 cells for 4 and 24 h. The % DCF 

fluorescence of the control cells was considered 100%.   Representative images of 

production of ROS using DCFDA dye in MDA-MB-231 cells (a) Control cells; (b-

d) Cells exposed to naked MNPs  (62 μg/mL, 125 μg/mL and 500 μg/mL 

respectively) (e) positive control: H202 treatment; (f-h) Cells exposed to silica 

coated MNPs  (62 μg/mL, 125 μg/mL and 500 μg/mL respectively) for 24 h showing 

increase in fluorescence (The scale bar in the images 200 μm). *p < 0.05, **p < 

0.01, ***p < 0.001 
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3.5.2 Lipid Peroxidation (TBARS) Assay 

We examined the amount of MDA formed using TBARS assay as ROS can 

damage cell membranes and formation of MDA is a major indicator of lipid 

peroxidation. As seen in Figure 29, MDA levels statistically increased in time 

and concentration dependent manner after 4 and 24 h exposure to both MNPs 

in all cells. However, naked MNPs caused lipid peroxidation significantly 

higher than the silica coated ones. 

MCF-7 and MDA-MB-231 cells treated with naked and silica coated MNPs 

showed time and concentration dependent increase in MDA levels which were 

statistically significant starting at 62 µg/mL (p<0.05) for naked MNPs and at 

500 µg/mL (p <0.05) for silica coated ones for 4 and 24 h treatments. 

Statistically significant increase in MDA levels were found for the 

concentration range of 125-500 µg/mL at both 4 and 24 h treatments for naked 

MNPs while only concentration of 500 µg/mL for 24 h resulted in an increase 

in MDA levels for silica coated ones (p<0.001). Also, MDA levels in MCF-

10A cells found to be lower compared to MDA-MB-231 and MCF-7 cells. 

Lipid peroxidation and oxidative stress has been cited to be one of the most 

important mechanisms of cellular toxicity related to NP exposure. Furthermore, 

NP-induced lipid peroxidation and oxidative stress leads to DNA damage and 

apoptosis. So we further study the effect of both types of MNPs on apoptotic 

rates of MDA-MB-231, MCF-7 and MCF-10A cells. 

 

 

 



78 

 

 

 

Figure 29. Detection of lipid peroxidation (nmol MDA /mg protein) in MCF-10A, 

MCF-7 and MDA-MB-231 cells treated with different concentrations of naked and 

silica coated MNPs for 4 and 24 h. *p < 0.05, **p < 0.01, ***p < 0.001 
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3.6 Apoptosis Assay 

3.6.1 Annexin-V-FITC / PI Assay 

Apoptosis was determined by using Annexin-V-FIT/PI assay in order to 

understand the nature of cell death in all cell types upon exposure to naked and 

silica coated MNPs at three different concentrations of 62, 125 and 500 g/mL 

for 24 h. Flow cytometry analysis of MDA-MB-231, MCF-7 and MCF-10A 

cells carried out by double labeling with Annexin V-fluorescein isothiocyanate 

and propidium iodide. 

The results are given in Figure 30. MDA-MB-231 cells without any treatment 

showed 2.6 % apoptosis at 24 h whereas, in cells treated with 3 concentrations 

of naked MNP, the apoptosis was calculated as 13.9, 29.3 and 62.2 % (p < 

0.05). The percentage of apoptosis in silica coated MNP treatment group 

increased from 6.4% to 23.7% at 24 h (p < 0.01). The percentage of both early 

and late apoptosis of MDA-MB-231 cells treated with naked MNP 

significantly increased compared to silica coated MNPs. Similar trend was 

observed for MCF-7 cells treated with either naked or silica coated MNPs. The 

percentage of apoptosis in silica coated MNP treated cells increased from 2.4% 

to 23.4% at 24 h (p < 0.01), whereas for naked MNP treated cells, the apoptosis 

increased from 20.9 to 45.3%. These results indicated that, naked MNP alone-

induced apoptotic pathway, while silica coating decreased apoptotic effects. 

So, silica coating can serve as an excellent carrier agent for MNPs. 
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Figure 30. The histograms of the apoptotic effects of naked and silica coated MNPs 

at concentrations of 62 μg/mL, 125 μg/mL and 500 μg/mL, on MCF-10A, MCF-7 

and MDA-MB-231 cells. Four subpopulations and their percent distributions in 

different areas: Area A1 and A2 shows viable and dead cell (necrotic), A3 and A4 

correspond to cells undergoing early and late apoptosis, respectively. Bar graphs 

show percent apoptotic cells. Untreated (UT) cells are used as control. (*p < 0.05, 

**p < 0.01, ***p < 0.001). 
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3.6.2 Effect of Naked and Silica Coated MNPs on Apoptotic Gene 

Expressions 

Further analysis of apoptotic pathway is carried out by looking at the gene 

expression levels of apoptotic and anti-apoptotic proteins after treatment of 

cells with both types of MNPs. Gene expressions were determined by using 

quantitative PCR in all MDA-MB-231, MCF-7 and MCF-10A cells after 

treatment with naked and silica coated MNPs at three different concentrations 

of 62, 125 and 500 µg/mL, for 24 h. The results are given in Figure 31. Gene 

expression analysis results revealed that, the apoptotic PUMA and BAX genes 

were up regulated and the gene expressions were increased from 2.7 to 8.38 

fold and 2.5 to 10.9 fold, respectively, in metastatic cancer MDA-MB-231 cells 

when treated with naked MNP at a concentration range of 62 to 500 g/mL, 

for 24 h. On the other hand, the down regulation of anti-apoptotic SURVIVIN 

gene was observed by a decrease in gene expression from 2.5 to 7.1-fold 

(p<0.05). Similar trends were observed for both MCF-10A and MCF-7 cells 

treated with naked MNPs. 

All MCF-7, MDA-MB-231 and MCF-10A cells treated with naked and silica 

coated MNPs showed time and concentration dependent increase in apoptotic 

gene (BAX, PUMA) expressions and a decrease in anti-apoptotic genes 

(SURVIVIN and BCL-2) which were statistically significant at concentration 

of 125 µg/mL (p<0.05) for naked MNPs and at 500 µg/mL (p <0.05) for silica 

coated MNPs for 24 h treatments. 

Apoptosis is the main way to maintain the cellular homeostasis between cell 

division and the cell death that can be initiated via two principal signaling 

pathways: the death receptor-mediated extrinsic apoptotic pathway and the 

mitochondrion-mediated intrinsic apoptotic pathway. Previous studies have 

revealed that, the majority of the NPs trigger apoptosis though the 

mitochondrion-mediated pathway [124, 125]. Thus, most probably the effect 
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of the cell deaths observed by the naked MNPs is related with the 

mitochondrion-mediated apoptotic pathway. 

Consistent with our previous experiment, naked MNPs caused significantly 

more ROS production and lipid peroxidation than the silica coated ones. In 

order to test the impact of this finding on apoptosis, we performed the 

ANNEXIN V-FITC assay and also checked the expression levels of apoptotic 

(BAX, PUMA) and anti-apoptotic genes (SURVIVIN, BCL-2). The results 

were in good agreement with the ROS and lipid peroxidation data, namely 

naked MNPs strongly increased the levels of apoptosis and the expression level 

of apoptotic genes and decreased the expression level of anti-apoptotic genes 

unlike the silica coated MNPs. As we discussed the oxidative stress data, all 

the results are consistent with each other; we further interpret our results and 

concluded that, the increased cellular stress in the cells caused by the MNPs, is 

responsible for apoptosis. 
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Figure 31. The expression levels of apoptotic (PUMA and BAX) and anti-

apoptotic (BCL-2, SURVIVIN) genes in MCF-10A, MCF-7, MDA-MB-231 cells 

after treatment with naked and silica coated MNPs for 24 h. Fold changes of the 

genes in the cells were normalized with respect to the internal control gene ß-actin. 

*p < 0.05, **p < 0.01, ***p < 0.001. 
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3.7 mRNA Expression Analysis of Phase I and Phase II Enzymes. 

3.7.1 Effect of Naked and Silica Coated MNPs on CYP1A1 and CYP1B1 

Gene Expressions 

Cells appear to modulate the expression of several antioxidant enzymes and 

stress-related genes in response to oxidative stress. The effect of naked and 

silica coated MNPs on gene expressions of four drug-metabolizing enzymes 

were also investigated. Drug metabolism, which is also known as xenobiotic 

metabolism, is the biochemical modification of pharmaceutical compounds or 

xenobiotics through specialized enzymes, known as Phase I and Phase II 

reactions. CYP1B1 and CYP1A1 genes, are coding for enzymes, which 

catalyze many reactions involved in drug metabolism [126]. Cytochromes 

P450 are a superfamily of drug metabolizing phase I enzymes responsible for 

metabolism of most xenobiotics and are required for the efficient elimination 

of foreign chemicals from the body. They also play role in carcinogenesis and 

cancer progression [127]. 

All cells treated with naked and silica coated MNPs showed concentration 

dependent increase in the expression levels of these genes which were 

statistically significant starting at 125 µg/mL (p<0.05) for naked MNPs and at 

a concentration of 500 µg/mL (p <0.05) for silica coated ones for 24 h 

treatments (Figure 32). 

Both CYP1A1 and CYP1B1 showed an expression ratio greater than 2-fold in 

non cancer MCF-10A cells treated with naked MNP at concentration of 125 

and 500 g/mL whereas no significant change was observed at concentration 

of 125 g/mL for silica coated MNPs. Overall, the highest gene expressions 

were observed in metastatic MDA-MB-231 cells. 
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3.7.2 Effect of Naked and Silica coated MNPs on GSTZ1 and GSTM3 

Gene Expressions. 

Glutathione S-transferases (GSTs) are a multigene family of drug metabolizing 

enzymes, which are important in phase II metabolism functioning in cellular 

detoxification of electrophilic compounds, including carcinogens, therapeutic 

drugs, environmental toxins and products of oxidative stress, by conjugation 

with glutathione [128]. Genetic variations can change an individual's 

susceptibility to carcinogens and toxins as well as affect the toxicity and 

efficacy of certain drugs. Unfortunately, little is known about the effects of NPs 

on both CYPs and GSTs [129]. 

In our study, the expression of GSTZ1 and GSTM3 genes increased 3.4 and 

5.2 fold in MDA-MB-231 cells treated with silica coated MNPs, whereas the 

expression of these genes increased 8.6 and 9.7 fold for naked ones, 

respectively, at a concentration range from 62 to 500 g/mL for 24 h. Naked 

MNP treatment increased the expressions of both GSTZ1 and GSTM3 genes 

in MCF-7 cells by 7.6 and 8.7 fold, respectively whereas silica coated MNP 

treatment increased the expression of these genes by 4.4 and 4.2 fold, 

respectively (Figure 32). 

The results also indicated that, both CYP1A1 and CYP1B1 showed an 

expression ratio greater than 2-fold in non-cancer MCF-10A cells treated with 

naked MNP at concentration of 125 and 500 g/mL whereas no significant 

change was observed at concentration of 125 g/mL for silica coated MNPs 

(Figure 32). 
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Figure 32. The expression levels of CYP1A1, CYP1B1, GSTZ1 and 

GSTM3 genes in MCF-10A, MCF-7, MDA-MB-231 cells after treatment 

with naked and silica coated MNPs for 24 h. Fold changes of the genes in 

the cells were normalized with respect to the internal control gene ß -actin. 

*p < 0.05, **p < 0.01, ***p < 0.001. 
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These findings are consistent with the observation that naked MNP uptake 

might increase the rate of CYP1A1 and CYP1B1 mRNA transcription by 

inducing metabolic stress. MNP-induced oxidative stress and mitochondrial 

dependent apoptosis are evident in several pathophysiological states and could 

be a specific defense mechanism maintaining homeostasis in response to the 

accumulation of O−and other reactive oxygen species at later time points. 

Our preliminary data has suggested that exposure of MNPs lead to an oxidative 

stress indicated by an increase in GSTM3 and GSTZ1 gene expression, in 

addition CYP1A and CYP1B1 gene expression were also increased, which 

might triggered the morphological modifications, like mitochondrial damage 

in a dose dependent manner.  

Our results also showed that, although silica coated MNPs internalized better 

than the naked ones, they caused less oxidative stress and reduced possible 

effects of MNP-induced cellular toxicity in the breast cells. 

Also naked NPs induced higher expressions of GSTM3 and GSTZ1 genes 

compared to silica coated MNPs. Because silica forms protective hydrophilic 

shell around NP this might hinder the cell defense response and ended up in 

low response to internalized MNP. 

We then investigated how the surface of NPs affected their interactions with 

cells in vitro. The aim of our study was to evaluate the surface properties of 

MNPs for their potential use. The results clearly showed the importance of 

careful analysis and individual interpretation for each cell-NP system and 

additional work must be undertaken in order to be able to fully investigate NP 

cell interaction and to use MNPs safely for nanomedicine applications. In this 

part of the study, we compared the effect of silica coating on cobalt ferrite 

magnetic-core nanoparticles focusing on the potential of apoptosis, lipid 

peroxidation, ROS generation and resulting oxidative stress. 
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Figure 33. A schematic drawing, showing possible mechanisms of naked 

MNPs on the induction of cellular toxicity in the breast cancer cells. Naked 

CoFe-MNPs can lead to mitochondrial disruption and, to ROS production 

after internalization. Oxidative stress (excess ROS generation) might induce 

damage in breast cell, such as lipid peroxidation, DNA damage (directly or 

indirectly) and expression levels of some Phase I and Phase II genes 

expression levels. All these events can results in cellular apoptosis. 

In following part of the study we further modified the silica coated MNPs with 

2-deoxy glucose in order to achieve a selective uptake of MNPs into cancer 

cells. 
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3.8 The Conjugation of 2-amino-2-deoxy-glucose to Cobalt Ferrite 

Magnetic Nanoparticle (2DG-MNPs) 

3.8.1. Characterization of Modified CoFe MNPs 

FT-IR spectroscopy measurement was used for the characterization of the silica 

coating and carboxyl groups on the surface of cobalt ferrite (CoFe) MNPs. FT–

IR spectrum of this nanoparticle is given in Figure 34. The bands around 1197, 

1085 cm-1 and 800 cm-1 represent the characteristic peaks of Si-O-Si stretching 

and Si–O bending. Thus, it is clear that silica layer was successfully coated on 

to the surface of nanoparticles [130]. Additionally, the bands between around 

1400 cm-1 together with the band at 1718 cm-1 indicate the characteristic peaks 

of carboxylic acid and support the presence of carboxylic acid and the 2DG on 

the surface of the NP [98, 131]. 

The hydrodynamic sizes of -COOH modified and 2DG attached MNPs were 

determined with DLS measurements in water at 25 oC. The average sizes of 

COOH-MNPs and 2DG-MNPs were found as 175.7 ± 4.7 nm and 211 ± 3.5 

nm, respectively (Figure 34) and the zeta potentials of COOH-MNPs and 

2DG-MNPs were obtained in water and calculated as -39.5 mV and -10.5 mV, 

respectively. The decrease in surface negative charge for 2DG-MNPs was due 

to the conjugation of 2-amino-2-deoxy-glucose molecules to the carboxyl 

groups. 

After attaching the 2DG to the MNP, the amount of 2DG on the CoFe MNPs 

surface was calculated as 37.02 ± 2.4 mM glucose/mg NP, by using 

spectrophotometric determination of 2DG. Both the non-modified COOH-

MNPs and the blank do not contain any 2DG, as expected.  
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Figure 34. (A) FT–IR spectra of -COOH modified CoFe MNPs. Particle size 

distribution of (B) -COOH modified CoFe MNPs and (C) 2DG modified 

CoFe MNPs. 
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3.8.2. Cellular Uptake of 2DG-MNPs 

3.8.2.1 Cellular Uptake of 2DG-MNPs by TEM 

Qualitative analyses of internalized 2DG-MNPs were performed by TEM. 

MDA-MB-231 cells were incubated with 2DG-MNPs (125 µg/mL) for 24 h. 

As seen from Figure 38, TEM images demonstrated that 2DG-MNPs were 

localized in the cytoplasm and a successful increase in cellular uptake was 

observed with 2DG-MNPs especially in MDA-MB-231. 

 

Figure 35. Transmission electron micrographs (TEM) of MDA-MB-231 

cells treated with 2DG-MNPs. MNPs are internalized and accumulated in 

cytoplasm. The scale bar is 500 nm and 5 µm. 
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3.8.2.2 Cellular Uptake of 2DG-MNPs by (ICP-OES)  

The breast cancer cells, MDA-MB-231, MCF-7 and non-cancer MCF-10A 

cells were incubated with both COOH-MNPs and 2DG-MNPs at the 

concentrations of 125 and 500 µg/mL for 24 h in separate experiments. Iron 

concentration per cell (pg/cell) in three types of cells and the comparisons 

between different MNP samples are given in Figure 36.  

 

Figure 36. ICP-OES measurements of iron concentration per cell (pg/cell) 

in MCF-10A, MCF-7 and MDA-MB-231cells after treatment with COOH-

MNPs and 2DG-MNPs at final concentrations of 125 µg/mL and 500 µg/mL 

after 24 h incubations. (*** p<0.001, ** p<0.01) 

It was clearly seen from the figure that, 2DG-MNPs were significantly 

internalized more than modified COOH-MNPs (p<0.01 and p<0.001) into all 

cell types. Both type of MNPs showed a concentration dependent feature for 

internalization, however the rate of uptake was lowest in non-cancer human 

breast epithelial cells, MCF-10A, which is again a very important characteristic 

for the selective targeting. Enhanced nutrient requirement mainly glucose, in 

cancer cells due to their high metabolic activity and proliferation rate is most 

probably the reason for this increased uptake in cancer cells compared to 

normal cells. The uptake trend of 2DG-MNPs (125 µg/mL) over varying times 

is also given in Figure 37. 
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As seen in Figure 37, the uptake of 2DG-MNPs increased in the first 4 h, but 

the uptake rate gradually slowed and reached a plateau after 12 h in all cell 

types. The iron concentration per cell (pg/cell) in MDA-MB-231, MCF-7 and 

MCF-10A cells are calculated as 210, 130 and 45 pg /cell at the end of first 4 

h, respectively.  

 

Figure 37. ICP-OES measurements of iron concentration per cell (pg/cell) 

in MCF-10A, MCF-7 and MDA-MB-231 cells after treatment with 2DG-

MNPs at final concentrations of 125 µg/mL after 2, 4, 8,12 and 24 h 

incubations. 

3.8.2.2 Cellular Uptake of 2DG-MNPs by Prussian Blue Staining 

In order to visualize the cells exposed to both COOH-MNPs and 2DG MNPs, 

Prussian blue staining method was used and the microscopy images of the cells 

were evaluated by comparing the untreated cells as well as the particle types 

(Figure 38). 

When we compare the blue granules, which are MNPs, it is seen that though 

2DG-MNPs were internalized by all cell types; the nanoparticle uptake was 

much more in cancer cells than the non-cancerous cells as confirmed by our 

previous ICP-OES results. It is also obvious that the uptake of 2DG-MNPs was 

higher than that of COOH-MNPs. 
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Figure 38. Light microscopy images of MCF-10A, MCF-7 and MDA-MB-231 

cells that are stained with Prussian blue and following counterstained with 

nuclear fast red. Light pink coloring of cytoplasm, dark pink coloring of 

nucleus and blue coloring of iron core of the molecules were seen. The cells 

were treated with COOH-MNPs and 2DG-MNPs at the concentrations of 125 

µg/mL for 24 h. The scale bar in the images is 200 µm. 

 

3.8.3. Cell viability (XTT) Assay    

The dose response and time dependent cell viability profiles were obtained for 

2DG-MNPs treated MDA-MB-231, MCF-7 and MCF-10A cells in order to 

compare the cytotoxic effects of MNPs on these cell lines (Figure 39). 

IC50 values were calculated as 282.3  3.4 and 202.9  6.2 g/mL for metastatic 

cancer MDA-MB-231, and 305.1  4.8 and 258.8  5.2 g/mL for MCF-7 cells 

incubated for 24 h and 72 h, respectively.  In normal MCF-10A cells, these 
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values were calculated as 512.9  3.8 for 24 h and 341.2  6.3 g/mL for 72 h 

at 37 °C. 

 

Figure 39. Cell viability of MDA-MB-231, MCF-7 and MCF-10A cells after 

treatment at different concentrations (62–500 g/mL) of 2DG-MNPs for 24 

and 72 h. 

When we compare the IC50 values, non-cancer MCF-10A cells were affected 

less by the treatment with 2DG-MNPs than the breast cancer cells. 

Interestingly, MDA-MB-231 cells also have lower IC50 values compared to 

MCF-7 cells, which could be further used for selective targeting of these 

MNPs into breast cancer cells. The concentration of 500 g 2DG-MNPs /mL 

showed high cytotoxic effects on both MDA-MB-231 and MCF-7 for both 24 

and 72 h of growth. The cell viability decreased below 50 % when the 

concentration is reached to 500 g/mL, whereas non-cancer MCF-10A cells 

treated with 2DG-MNPs showed only slight toxicity compared to cancer cells. 

From this data, we chose 125 g/mL concentration of 2DG-MNP as low 

concentration, and 500 g/mL as high concentration to be used in cell lines 

for the subsequent experiments. 
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3.8.4 Apoptosis Assay 

3.8.4.1 Annexin-V-FITC / PI Assay 

Apoptosis was determined by using Annexin-V-FIT/PI assay in order to 

understand the nature of cell death in all cell types upon exposure to 2DG-

MNPs with three distinct concentrations, 125, 250 and 500 g/mL for 24 h. 

Original data is given in Figure 40 and Figure 41 for all experiments 

performed and the results obtained from the histograms are summarized in 

Figure 42. Apoptotic cell death, which is induced by 2DG-MNPs, was 

confirmed and quantified by flow cytometry analysis. As seen from the figure 

39, apoptosis increases in a dose dependent manner in all cell types. The 

increase is statistically significant at 500 g/mL concentration (p<0.05). Both 

cancerous MDA-MB-231 and normal MCF-10A cells showed the highest 

apoptotic cell deaths. At a lower concentration of 125g/mL 2DG MNP, 

though not statistically significant, both cancerous cell lines undergo apoptosis 

more, compared to non-cancer cells. 
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Figure 40. The apoptotic effects of untreated cells and the etoposide on 

MDA-MB-231, MCF-7 and MCF-10A. Four subpopulations and their 

percent distributions in different areas: Area A1 and A2 shows viable and 

dead cell (necrotic), A3 and A4 correspond to cells undergoing early and late 

apoptosis, respectively. 
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Figure 41. The apoptotic effects of 2DG-MNP (125, 250 and 500 µg/mL) 

on MDA-MB-231, MCF-7 and MCF-10A cells for 24 h. Four 

subpopulations and their percent distributions in different areas: Area A1 and 

A2 shows viable and dead cell (necrotic), A3 and A4 correspond to cells 

undergoing early and late apoptosis, respectively. 
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Figure 42. (A) Apoptotic cell populations in MDA-MB-231, MCF-7 and 

MCF-10A cells after treatment with 2DG-MNPs for 24 h (*p<0.05). 

Untreated (UT) cells are used as control. 

3.8.4.2 Effect of 2DG-MNPs on Apoptotic Gene Expressions 

Further analysis of gene expression levels of apoptotic and anti-apoptotic 

proteins was determined by using quantitative PCR in all cells treated with 

2DG-MNPs (125 and 500 µg/mL) at 24 and 72 h (Figure 43). The apoptotic 

PUMA and BAX/BCL-2 genes were up regulated by 4.5 and 5-fold, 

respectively, in metastatic cancer MDA-MB-231 cells treated with 2DG-

MNPs (500 g/mL) for 24 h, while anti-apoptotic SURVIVIN gene was 

down regulated by 3.3-fold (p<0,05). Similar trend was observed for MCF-

7 and MCF-10A cells. All these fold changes further increased with time of 

treatment. 
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Figure 43. (B) The expression levels of apoptotic (PUMA and BAX) and 

anti-apoptotic (Bcl-2, SURVIVIN) genes in MDA-MB-231, MCF-7 and 

MCF-10A cells after treatment with 2DG-MNP for 24 and 72 h. Fold 

changes of the genes in the cells were normalized with respect to the internal 

control gene ß-actin, (*p<0.05). 

 

In agreement with our flow cytometry results there was no significant up 

regulation of PUMA and BAX/BCL-2 and down regulation of SURVIVIN 

for all cells treated with 2DG-MNP at low concentration whereas there was 

significant change in gene expression levels for cells treated with 2DG-MNP 

at high concentration for 24 and 72 h. Thus, most probably the effect of the 

cell deaths observed at high concentrations of 2DG-MNPs is related with the 

mitochondrion-mediated apoptotic pathway. 
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3.8.5 mRNA Expression Analysis of Phase I and Phase II enzymes 

3.8.5.1 Effect of 2DG-MNPs on CYP1A1 and CYP1B1 Gene Expression 

The mRNA levels of four drug-metabolizing enzymes, namely, CYP1A1 and 

CYP1B1 and GSTZ1 and GSTM3 were studied in order to investigate the 

cellular response after the internalization of 2DG-MNPs into the breast cells. 

In our data, both CYP1A1 and CYP1B1 showed an expression ratio greater 

than 2-fold in non-cancer MCF-10A cells treated with 2DG-MNPs (500 

g/mL) whereas no significant change was observed for 2DG-MNPs (125 

g/mL) at 24 and 72 h. (Figure 44).  

The expression ratio of CYP1A1 and CYP1B1 was 7.2-fold and 7.8-fold in 

MDA-MB-231 cells treated with 2DG-MNPs (500 g/mL) for 72 h, 

respectively, whereas the change was around 2-fold for 2DG-MNPs (125 

g/mL) even at 72 h (Figure 44). Similar results were observed in MCF-7 cells 

as well. 

 

Figure 44. The expression levels of CYP1A1 and CYP1B1 genes in MCF-

10A, MCF-7 and MDA-MB-231cells after treatment with 2DG-MNP and 24 

and 72 h growth. Fold changes of the genes in the cells were normalized with 

respect to the internal control gene ß-actin. (* p<0.05) 
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In summary, at high concentration of 2DG-MNPs, cancer cells seemed to up 

regulate the expression of both genes more than normal MCF-10A cells. 

Overall, the highest gene expressions were observed in metastatic MDA-MB-

231 cells. Besides, the over expression of CYP1B1 and CYP1A1 genes can be 

interpreted as the increased uptake of MNPs. Though at low concentration no 

induction was observed in both CYP1B1 and CYP1A1 expressions, at 

increased concentration of 2DG-MNP, both CYP1B1 and CYP1A1 

expressions are up regulated.   

3.8.5.2 Effect of 2DG-MNPs on GSTZ1 and GSTM3 Gene Expressions 

Glutathione S-transferases (GSTs) are important in Phase II metabolism 

functioning in cellular detoxification of electrophilic compounds, including 

carcinogens, therapeutic drugs, environmental toxins and products of oxidative 

stress, by conjugation with glutathione [128]. Previous studies showed that the 

predominantly expressed GSTs in MCF-7 breast cancer cells are mainly 

GSTM3 and GSTZ1 isoforms [132]. Expressions of these genes should 

increase in response to internalization of 2DG-MNP into the cells. Both 

GSTM3 and GSTZ1 gene expressions were found to be higher in MDA-MB-

231 and MCF-7 breast cancer cells compared to non-cancer epithelial MCF-

10A cells, which might be the result of the lower uptake of MNPs into normal 

cells. It is known that, GSTs are more intensively expressed in tumor cells [133, 

134].  Further studies are required in order to investigate the role of GSTs in 

2DG-MNP treatments. 

In this study, the expression of GSTZ1 and GSTM3 genes increased in MDA-

MB-231 cells treated with 2DG-MNPs (125 g/mL) by 1.9 and 2.1-fold, 

respectively, at 24 h. 2DG-MNP treatments increased the expressions of both 

GSTZ1 and GSTM3 genes in MCF-7 cell by 1.0 and 1.7 fold, respectively. 

Their expression on the other hand, appeared to be unchanged in MCF-10A. 

Thus, 2DG-MNP treatments slightly up regulated the expression of GSTZ1 and 

GSTM3 genes in cancer cells (Figure 45). The treatment of MDA-MB-231 
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cells with 2DG-MNPs (500 g/mL) also increased the expression by 4.5 and 

5.9 fold in GSTZ1 and GSTM3 genes, respectively. Treatment of MCF-7 cells 

with 2DG-MNPs resulted in 4.2 fold increase for GSTZ1 and 4.9 fold increase 

for GSTM3, in addition to this, the treatment of MCF-10A cells with 2DG-

MNPs resulted in 2.2 fold increase for GSTZ1 and 3.8 fold increase for GSTM3 

for 72 hours (Figure 45). 

 

Figure 45. The expression levels of GSTZ1 and GSTM3 genes in MDA-

MB-231, MCF-7 and MCF-10A cells after treatment with 2DG-MNPs for 

24 and 72 h. Fold changes of the genes in the cells were normalized with 

respect to the internal control gene ß-actin. (* p<0.05) 
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Figure 46 A schematic drawing, showing possible mechanisms of cellular 

metabolism of 2DG-MNPs in the breast cancer cells. 2DG labeling lead 

to an increase in selective targeting of MNPs in human breast cells. The 

cellular uptake of 2DG-MNPs can be associated with cellular and 

morphological changes, such as, the exposure of cells to high 

concentration 2DG-MNPs induced cytotoxity, apoptosis and the 

expression levels of some Phase I and Phase II genes. 

 

In the following and last part of the study, for therapeutical use of MNPs, 

EF2K siRNA is attached and after further characterization studies, in vivo 

use of the NP was carried out.   
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3.9 The Conjugation of EF2K siRNA to Cobalt Ferrite Magnetic 

Nanoparticle (MNP-EF2K siRNA) 

3.9.1 EF2K is overexpressed in BRCA1 mutated and triple negative breast 

cancer 

We first investigated the relative expression of eEF2K protein in BRCA1 

mutated breast cancer cells (MDA-MB-436 and HCC-1937) compared to 

normal untransformed breast cells (MCF10A). Because BRCA1 mutated 

tumors are considered as triple negative breast cancer (TNBC) we also looked 

at eEF2K expression in TNBC cell lines, including MDA-MB231 and BT20. 

We found that eEF2-K is highly unregulated BRCA1 mutated cells and TNBC 

compared with MCF10A, which do not have detectable eEF2K expression 

(Figure 47). 

 

Figure 47. EF2K are highly expressed in triple negative and BRCA1 

mutated cells. Western blot analysis of cell lysates of several cell lines were 

indicated. ß-actin was used as a  control. 
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3.9.2 Knockdown of EF2K by MNP- siRNA in BRCA1 mutated breast 

cells 

To visualize the uptake of MNP-EF2K siRNA and down regulation of eEF2K 

protein in BRCA1 mutated cells, we first labeled eEF2K siRNA with 

fluorescent tag (Cy3) and conjugated it to the MNPs by using EDC chemistry 

and administered the fluorescence labeled siRNA MNPs to MDA-MB-436, 

MDA-MB-231 and HCC-1937 cells for 4 h. Fluorescent labeled siRNA (50 

nM) transfected by commercially available transfection reagent (hiPerFect) 

and free Cy3-siRNA were used as controls. Cells were fixed in a chamber slide 

using 4% paraformaldehyde and then nuclei (blue) were stained with DAPI for 

10 minutes, and siRNA uptake was analyzed by fluorescence microscopy. The 

slides were also stained with Prussian blue to show uptake iron containing 

MNPs and indicated successful internalization of siRNA and MNPs by the cells 

(Figure 48-50). We observed blue staining indicating the iron core of MNP-

EF2K-siRNA in the cells but not in free Cy3 siRNA treated cells (Figure 48-

50). Moreover, Cy3 labeled eEF-2K siRNA loaded MNP led to higher siRNA 

uptake compared with to commercially available transfection reagent 

hiPerFect, which was used as a positive control for siRNA transfection. Free 

Cy3-EF2K siRNA showed little or no uptake and accumulation observed for 

all three cells (Figure 48-50). Fluorescent microscopy further showed a strong 

fluorescence signal in the cells treated with Cy3 labeled siRNA-MNPs while 

incubation of cells with free Cy3-siRNA resulted in weak fluorescence, 

indicating that MNPs can promote the uptake of siRNA into BRCA1 mutated 

cells.  
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Figure 48. The uptake of Cy3 MNP-EF2K siRNA against MDA-MB-436 

cells in vitro. Fluorescent microscopy images of cells treated with MNP- 

Cy3-siRNA, free Cy3 siRNA, Cy3 siRNA with hiPerFect for 4 h in 37 °C. 

Nuclei (blue) were stained with DAPI. In vitro Prussian blue staining results, 

Prussian blue staining of MDA-MB-436 cells incubated with Free Cy3 

siRNA, EF2K siRNA loaded MNP, EF2K siRNA with hiPerFect, 

respectively. 
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Figure 49. The uptake of Cy3 MNP-EF2K siRNA against and HCC-1937 

cells in vitro. Fluorescent microscopy images of cells treated with MNP- 

Cy3-siRNA, free Cy3 siRNA, Cy3 siRNA with hiPerFect for 4 h in 37 °C. 

Nuclei (blue) were stained with DAPI. In vitro Prussian blue staining 

results, Prussian blue staining of HCC-1937 cells incubated with Free Cy3 

siRNA, EF2K siRNA loaded MNP, EF2K siRNA with hiPerFect, 

respectively. 
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Figure 50. The uptake of Cy3 MNP-EF2K siRNA against MDA-MB-231 

cells in vitro. Fluorescent microscopy images of cells treated with MNP- 

Cy3-siRNA, free Cy3 siRNA, Cy3 siRNA with hiPerFect for 4 h in 37 °C. 

Nuclei (blue) were stained with DAPI. In vitro Prussian blue staining results, 

Prussian blue staining of MDA-MB-231 cells incubated with Free Cy3 

siRNA, EF2K siRNA loaded MNP, EF2K siRNA with hiPerFect, 

respectively. 
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The biological activity of siRNA delivered by MNPs was further 

investigated with eEF2K siRNA. As shown in Figure 51, eEF2K protein 

levels analyzed by Western blot 72 h post transfection showed that control 

siRNA and empty MNPs had no effect to down regulate eEF2K expression 

while eEF2K siRNA (with HiPerFect), and MNP-EF2K siRNA almost down 

regulated eEF2K expression in MDA-MB-436 and HCC-1937 cells. 

Moreover it seems that and MNP-EF2K siRNA inhibited eEF2K expression 

better than eEF2K siRNA with HiPerFect (Figure 51). 

 

 

 

Figure 51. Western blot analysis of EF2K levels 72 h post transfection with 

EF2K siRNA with HiPerFect, control siRNA, MNP, MNP-EF2K siRNA in 

A) MDA-MB-436 B) in HCC-1937 cells. Transfection was carried out for 

72 h, which was optimized in previous experiments (data not shown). 

 

A 

B 
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3.9.3 Knockdown of EF2K inhibits migration and invasion of BRCA1 

mutated breast cancer cells 

To understand the role and significance of up regulated EF2K expression in 

BRCA1 mutated cells we first determined the effects of inhibiting EF2K by 

siRNA-based knockdown on cell proliferation and colony formation 

(clonogenicity) in MDA-MB-436 and MDA-MB-231 cells. When MDA-MB-

436 cells were treated with control siRNA, EF2K siRNA, MNP, MNP-EF2K 

siRNA (50 nM), significantly reduction in proliferation and colony formation 

of MDA-MB-436 (Figure 52) cells was observed in EF2K-targeted cells 

compared to control cells. Figure 52 shows that in MDA-MB-436 cells, MNP 

has similar effective with control siRNA in inducing growth inhibition (80.09% 

and 85%, respectively) whereas EF2K siRNA also showed significant 

inhibition of the tumor cell colony formation (p < 0.05), but the degree of 

inhibition was less than MNP-EF2K siRNA showed the most significant 

inhibitory effect, resulting in 34% of growth inhibition of MDA-MB-436 cells. 

Similar phenomenon was observed in MDA-MB-231 cells, which showed 

decreased clonogenicity in   following treatment with EF2K siRNA, MNP-

EF2K siRNA. MNP-EF2K siRNA was more effective than EF2K siRNA 

(Figure 52) (43.6%, vs. 26.6% p < 0.05).  
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Figure 52. In vitro knockdown of EF2K by siRNA treatment inhibit colony 

formation of A. MDA-MB-436 and B. MDA-MB-231 cells. Representative 

colony formation assay of MDA-MB-436 and MDA-MB-231 cells treated 

with different formulation.1) untreated 2) control siRNA with HiPerFect 3) 

MNP 4) eEF2K siRNA with HiPerFect 5) MNP-EF2K siRNA and colonies 

detected after two weeks later.All colonies were stained with crystal violet. 

Histogram showing the quantification of colony formation efficiency *P< 

0.05 vs. control siRNA 

 

A 

 

 

 

 

 

 

B 



114 

 

3.9.4 Targeting eEF2K impairs BRCA1 mutated cell invasion and 

migration through inhibition of SRC/FAK/Paxillin  

To determine if eEF2K promotes the invasive phenotype of MDA-MB-436 

and HCC1937 breast cancer cells, we carried out in vitro invasion assays 

using Matrigel-coated Boyden chambers where the Matrigel served as a 

reconstituted basement membrane. After 72 h eEF2K siRNA or control 

siRNA treatment, cells were placed in the Boyden chamber and the number 

of cells migrated and invaded through the matrigel and passing the pores of 

membranes were stained and counted under a Leica light microscope (10X 

objective) and a representative image was captured using the 20X objective. 

The depletion of eEF2K by eEF2K siRNA-hiPerFect and MNP-EF2K 

siRNA led to a significant decrease in the number of MDA-MB-436 cells 

that were able to invade across matrigel-coated membranes compared to 

control siRNA reduced the invasion of 42.4% and 22.4%, respectively 

compared to controls (MNP and control siRNA) (*p < 0.05) (Figure 53). 

HCC-1937 cells treated with MNP EF2k siRNA (31.08%) significantly 

inhibited the invasion better than eEF-2K siRNA-hiPerfect (45.46%) and 

compared to control siRNA (*P < 0.05) (Figure 54).  
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Figure 53. Representative photographs show the effect of silencing of EF2K 

siRNA on MDA-MB-436 cells invasion by Matrigel Transwell invasion 

assay after 24 h treatment. The cells treated with different formulation 1) 

untreated 2) MNP 3) control siRNA with HiPerFect 4) eEF2K siRNA with 

HiPerFect 5) MNP-EF2K siRNA. Histogram showing the quantification of 

% invasion of cells. All photographs were captured in a Leica light 

microscope under 20X magnification.  
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Figure 54. Representative photographs show the effect of silencing of EF2K 

siRNA on HCC-1937 cells invasion by Matrigel Transwell invasion assay 

after 24 h treatment All. The cells treated with different formulation 1) 

untreated 2) MNP 3) control siRNA with HiPerFect 4) eEF2K siRNA with 

HiPerFect 5) MNP-EF2K siRNA. Histogram showing the quantification of 

% invasion of cells. All photographs were captured in a Leica light 

microscope under 20X magnification.  

The other finding was observed by the knockdown of MNP-EF2K siRNA, 

which significantly reduced the invasion of MDA-MB-231, cells by about 

42.74% and 29.86%, respectively (Figure 55) and also there is differences 

between cells treated with control siRNA and MNP about 82.81% and 60.97 

%, respectively. These results showed that MNP alone less effective on 

invasiveness of MDA-MB-231 compared to control siRNA. 



117 

 

 

Figure 55. Representative photographs show the effect of silencing of EF2K 

siRNA on MDA-MB-231 cells invasion by Matrigel Transwell invasion 

assay after 24 h treatment. The cells treated with different formulation 1) 

untreated 2) MNP 3) control siRNA with HiPerFect 4) eEF2K siRNA with 

HiPerFect 5) MNP-EF2K siRNA. Histogram showing the quantification of 

% invasion of cells. All photographs were captured in a Leica light 

microscope under 20X magnification.  

In order to determine the role of eEF2K siRNA in the cell motility of BRCA1 

mutated cells in vitro scratch assay was carried out MDA-MB-436 cells. The 

results indicate that the knockdown of eEF2K by eEF2K siRNA showed 

reduced motility compared to the control cells. As can be seen in Figure 56, 

the cells with suppression of eEF2K by siRNA were not able to close the 

space in the culture when compared with control siRNA after 48 h. The 

knockdown of eEF2K siRNA by MNP-EF2K siRNA in MDA-MB-436 

resulted in significantly less motility (28.9%) than eEF2K siRNA-hiPerFect 

(46.67%).  
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Figure 56. Representative photographs show the silencing of eEF-2K in 

MDA-MB-436 and control cells motility by wound healing assay. The 

cells treated with different formulation 1) control siRNA with HiPerFect 

2) MNP 3) eEF2K siRNA with HiPerFect 4) MNP-EF2K siRNA. 

Histogram showing the quantification of % migration of cells. After 48 h 

incubation, wound closure photographed under light microscope. 
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We next examined the involvement of eEF2K in HCC-1937 cell motility 

using the scratch assay at earlier time-points (24 and 48 h). The analysis 

revealed that the distance covered by migrating cells (at 24 and 48 h) was 

significantly decreased when HCC-1937 cells were exposed to eEF2K 

siRNA, MNP, MNP-EF2K siRNA compared to cells non-silencing control 

siRNA, respectively (Figure 57). The eEF2K-knockdown (58.67%) cells 

exhibited less migratory capacity to the wounded areas in compared control 

siRNA treatments. Similar results were observed in MDA-MB-231 (Figure 

58). Clearly, the knockdown of eEF2K by MNP-EF2K siRNA (35.07%) 

suppressed cell motility and migration, comparing with the control cells, 

further supporting the role of eEF2K in motility of BRCA1 mutated breast 

cancer cells. 
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Figure 57. Representative photographs show the silencing of eEF-2K in HCC-

1937 and control cells motility by wound healing assay. . The cells treated with 

different formulation 1) control siRNA with HiPerFect 2) MNP 3) eEF2K 

siRNA with HiPerFect 4) MNP-EF2K siRNA. Histogram showing the 

quantification of % migration of cells. After 48 h incubation, wound closure 

photographed under light microscope. 
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Figure 58. Representative photographs show the silencing of eEF-2K in 

MDA-MB-231 and control cells motility by wound healing assay. . The cells 

treated with different formulation 1) control siRNA with HiPerFect 2) MNP 

3) eEF2K siRNA with HiPerFect 4) MNP-EF2K siRNA. Histogram showing 

the quantification of % migration of cells. After 48 h incubation, wound 

closure photographed under light microscope.  
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To further elucidate the potential molecular mechanisms by which eEF2K 

mediates BRCA1 mutated breast cancer cell migration and invasion we 

examined the possible involvement of the non-receptor protein tyrosine 

kinase c-Src, which is known to play critical roles in adhesion, migration and 

invasion as well as proliferation in breast cancer cells [135]. Because c-Src 

activity is associated with poor patient prognosis and survival its is 

considered one of the most important molecular target for treatment of breast 

and other cancers [136]. As shown in Figure 59-60 that knockdown of 

eEF2K by siRNA led to a significant reduction in the activity of c-Src as 

evidenced by reduction of phosphorylated at Tyr-416 residue in MDA-MB-

436 and HCC-1937 cells. Focal adhesion kinase (FAK) regulates cell 

adhesion and migration and is auto phosphorylated on Tyr-397, which results 

in increased kinase activity upon engagement with integrin [137]. We also 

found that a significant reduction in FAK phosphorylation (Tyr-397) (Figure 

59-60) in BRCA1 mutated cancer cells. Similar effects were observed in 

inhibition paxillin activation, which is downstream of Src/FAK signaling in 

both cell lines (Figure 59-60). Overall our data suggest that eEF2K is 

involved in activation Src/Fak/Paxillin complex and inhibition of this 

engagement cascade may be the underlying mechanisms that mediate 

inhibition cell invasion and proliferation after targeting eEF2K in BRCA1 

mutated cells. 
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Figure 59. Western blot analysis of eEF2K, p-eEF2, eEF2, p-Src, Src, FAK, 

p-FAK, p-Paxillin, Paxillin levels 72 h post transfection with EF2K siRNA, 

control siRNA, MNP, MNP-EF2K siRNA for MDA-MB-436 cells. 

Transfection was carried out for 72 h, which was optimized in previous 

experiments (data not shown). 
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Figure 60. Western blot analysis of eEF2K, p-eEF2, eEF2, p-Src, Src, FAK, 

p-FAK, p-Paxillin, Paxillin levels 72 h post transfection with EF2K siRNA, 

control siRNA, MNP, MNP-EF2K siRNA for HCC-1937 cells. Transfection 

was carried out for 72 h, which was optimized in previous experiments (data 

not shown). 
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3.9.5 In vivo Targeting of EF2K leads to antitumor activity in BRCA1 

xenograft models 

We first investigated the in vivo target down modulation of eEF2K by 

systemically administered MNP-EF2K siRNA nanoparticles for effective 

therapeutic targeting eEF2K for evaluate potential of eEF2K in in an 

orthotropic model of BRCA1 mutated breast cancer in nude mice. About 12 

days after BRCA1 mutated tumor cell (MDA-MB-436) injections into 

mammary fat pat of nude mice MNP-EF2K siRNA or control siRNA was 

systemically (i.v.) administered from the tail vein of once a week for 4 weeks 

(total of 4 injections). Treatment with MNP-EF2K siRNA resulted in a 

significant down-regulation of eEF2K activity as evidenced by a decrease of 

phosphorylation of its downstream target p-eEF2 in the tumors and PCNA 

expression (Figure 61) and significant inhibition of tumor growth 

(Figure61). No toxicity were observed during 4-week of treatment in the 

mice exposed to MNP-EF2K siRNA and the mice appeared healthy with 

normal eating drinking habits and did not lose weight during the treatment 

(Figure 61). 
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 Figure 61.Treatments of tumor tissues with MNP-EF2K siRNA. Following 

treatment with MNP-EF2K siRNA, tumor tissues were removed from mice and 

subjected to Western blot analysis. Treatment of mice with MNP-EF2K siRNA 

results in the knockdown of EF2K in different tumors with the consequent reduction 

in p-eEF2 (Thr-56), PCNA B. Effect of MNP-EF2K siRNA treatment on tumor 

weight and C. mice weight. 
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3.9.6 In vivo inhibition of eEF2K inhibits tumor cell proliferation, microvessel 

density and induces apoptosis in BRCA1 mutated tumor xenografts 

Given the significant growth inhibitory effects of down-regulating eEF2K in 

BRCA1 mutated tumors, the tumor samples collected after 4 weeks of treatment 

were evaluated for in vivo proliferation markers, evidence of the induction of 

apoptosis and microvessel density for angiogenesis. The tumors from MNP-EF2K 

siRNA -treated mice demonstrated a significant increase in TUNEL positive cells 

indicating induction of apoptosis (72.7%) compared with control siRNA treated 

tumors (17.4 %) (Figure 62).   

Histologic examination of tumor tissue also showed a marked decrease in 

proliferation marker Ki-67 and angiogenesis as evidenced by reduced microvessel 

density by CD31 staining of tumor endothelial cells in the MNP-EF2K siRNA 

treated tumors (Figure 62). Ki67 was used as a marker of cellular proliferation. 

Ki67 labeling index was decreased by 39.07% in the MNP-EF2K siRNA treatment 

group (p<0.0001) compared to the control group. The average mean vessel density 

was decreased by 36.4% in the MNP-EF2K siRNA treatment group compared to 

the control group (p<0.001, n = 3) suggesting anti-angiogenic activity after MNP-

EF2K siRNA treatment. 
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Figure 62. Immunohistochemical analysis. Knockdown of eEF-2K leads to 

decreased proliferation and increased apoptosis of breast tumor in vivo..H&E 

histological analysis, Immunohistochemical staining for Ki67 and CD31 and 

TUNEL was conducted to assess cell proliferation and apoptosis. 
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3.9.7 MNP-EF2K siRNA nanoparticles accumulate in BRCA1 mutated tumor 

tissues 

We also evaluated the bio distribution of MNP-EF2K siRNA nanoparticles in 

normal and BRCA1 mutated breast tumor tissues. To this end Prussian blue and 

nuclear fast red staining was performed on tissue sections of organs and tumors 

obtained from the mice after MNP-EF2K siRNA (Figure 63). While Prussian blue 

which stains the iron core of MNPs were widely detected in the tumor sections but 

it was mostly negative in the tissue sections of the brains, lung, and heart from mice 

injected with MNP-EF2K siRNA and only a few scattered iron-positive cells were 

detected in some sections, suggesting that the MNPs could efficiently deliver 

siRNA to the BRCA1 mutated tumor. As expected iron uptake was strong in the 

spleen and liver due to reticuloendothelial system (RES) and filtering function of 

these organs (Figure 64). Histopathological examination of the liver and spleen 

tissues by hematoxylin and eosin yielded no signs of tissue damage (Figure 64). 
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Figure 63. In vivo tumor accumulations of MNP-EF2K siRNA in mice. 

H&E and Prussian blues staining of tumor sections. Excess iron 

accumulated in the indicated tumors 24 h after intravenous injection 

MNPs. (High amount of blue granules were observed in the tumor 

section) 
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Figure 64. A.Control siRNA and MNP-EF2K siRNA were intravenously 

administered and tissues were removed 24 h after a single administration. 

Prussian blue staining of the spleen, liver, lung brain, heart and kidney. High 

levels of iron uptake were observed in the liver and spleens; Blue granule 

show that positive Prussian blue staining and counterstain with nuclear red 

staining B. H&E Histological analyses of tissue specimens after MNP-EF2K 

siRNA treatment. Liver, kidney, spleen, lung, heart and brain tissues of 

treated mice. 

 

A                                                            B 
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3.9.8 In vivo Targeting of EF2K inhibits cyclin D1, autophagy and impairs 

the activity of c-Src/ FAK/ Paxillin complex 

To further investigate the in vivo anti-tumor mechanism and elucidate 

signaling pathways affected in response to targeting eEF2K we evaluated in 

cell cycle regulator CyclinD1 that mediates Go to G1 transition and autophagy 

by western blotting in xenograted BRCA1 mutated tumors (Figure 65). Cyclin 

D1 promotes entry of cells into the S-phase of the cell cycle, induces 

proliferation and can cause malignant transformation. Our findings indicate 

that cyclin D1 and autophagy marker LC3- is inhibited in BRCA1 mutated 

tumors by targeting of eEF2K, suggesting that cell cycle inhibition and 

reduced autophagic activity which helps cells to survive in hypoxic and 

metabolically challenged tumor environment and contribute to inhibition of 

tumor growth in addition to induction of apoptosis.  

 

Figure 65. Western blot analysis of tumor tissues 1. Following treatment 

with MNP-EF2K, tumor tissues were removed from mice and subjected to 

Western blot analysis. Treatment of mice with MNP-EF2K siRNA results in 

the knockdown of EF2K in different tumors with the consequent reduction 

in EF2K, p-Src, Src, Cyclin D1, Beclin, and LC3.  
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3.9.9 Knockdown eEF2K leads to decrease the expression level of MCP-1 

in BRCA1 mutated tumors 

Monocyte chemo attractant protein-1 (MCP-1) is a chemokine that plays many 

roles in tumor development and progression [138]. MCP-1 is produced not only 

by tumor cells but also by stromal cells such as fibroblasts, endothelial cells, 

and monocytes [139]. MCP-1 expression was associated with macrophage 

accumulation and correlated with the concentration of various angiogenic 

regulators, and that MCP-1/VEGF was an independent prognostic indicator in 

breast cancer [140].Thus we investigated if eEF2K inhibition reduces MCP1 

expression in vivo in BRCA1 mutated tumors (Figure 66)- suggesting that 

eEF2K inhibition –induced MCP1 down regulation may play a role in 

reduction of macrophages and angiogenesis, which further contributes anti 

tumors effects of eEF2K inhibition. 

3.9.10 Targeting eEF-2K inhibits PI3K/AkT/mTOR/ 4EBP1 in BRCA1 

mutated tumors  

We also found that the down-regulation of eEF2K inhibited the expression c-

Myc, PI3K/AKT, both of which promotes cell survival and proliferation, in 

BRCA1 mutated tumors in vivo (Figure 66). Control of mRNA translation to 

protein is an important point of regulation for gene expression. Translation is 

deregulated in cancer through a variety of mechanisms. The most recognized 

alteration in translation is the overexpression of eukaryotic initiation factor 4E 

(eIF4E), the mRNA 5’cap-binding protein. High levels of phosphorylated 

eIF4E-binding protein 1 (p4E-BP1) have been associated with worse prognosis 

in several tumor types including breast cancer [85]. The knockdown of eEF2K 

inhibited the expression of p-4E-BP1 both in vivo and in vitro (Figure 66). 

Here we found that down-regulation of eEF-2K inhibited the expression p-4E-

BP1, leading to inhibition of protein translation and indicating the role of 

eEF2K in regulation of translation. 
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Figure 66. Western blot analysis of tumor tissues 2. Results in the 

knockdown of EF2K in different tumors with the consequent reduction in 

MCP-1, p-Akt, AKT, p-FAK, FAK, p-4EBP1, 4EBP1, VEGF, C-Myc levels. 

C-myc is involved in proliferation and downregulation was observed in 

MNP-EF2K treated tumors. 
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3.9.11 Targeting eEF-2K leads a decrease Stem Cell like markers in 

BRCA1 mutated tumors 

Cancer stem cells (CSC) are subpopulation of undifferentiated tumorigenic 

cells within the tumors that show unique characteristics such as tumor-

initiation, self-renewal, and the ability of proliferation, which are responsible 

for tumor progression, metastasis and also tumor heterogeneity resulting from 

differentiation [141] ALDH1A1, a putative CSC marker, belongs to the 

ALDH1 family and is expressed in normal and malignant human mammary 

stem cells over expression of this marker is associated with poor prognosis in 

breast [142]. CD44, a specific receptor for hyaluronic acid and 

adhesion/homing molecule is a multifunctional class I transmembrane 

glycoprotein expressed in almost all normal and cancer cells [143]. Our finding 

suggests that eEF2K inhibition caused ALDH1A1/CD44 down regulation in 

vivo in BRCA1 mutated tumors (Figure 67).  

 

Figure 67. Western blot analysis of tumor tissues 3. Results in the 

knockdown of EF2K in different tumors with the consequent reduction in 

CD-44 and ALDH1A1 down-regulation. 
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3.9.12 Combination of PARP inhibitors with eEF2K siRNA enhance the 

BRCA1 mutated breast cancer proliferation 

Recent clinical studies suggest that PARP (Poly ADP Ribose Polymerase) 

inhibitors are effective only in 26-50% of patients with BRCA1 mutated 

tumors. Also, patients who initially respond PARP inhibitors soon become 

resistant to these therapies [144]. We investigated if inhibition of eEF2K 

sensitizes BRCA1 mutated breast cancer cells to PARP inhibitor. As seen in 

Figure 68, we found that AZD2281 (PARP inhibitor) induced a dose 

dependent growth inhibition of MDA-MB-436 cells at ranging 10 to 50 µM 

concentration. The growth inhibition effect of combination of AZD2281 and 

MNP-EF2K siRNA was significantly higher than AZD2281 treatment alone 

(p<0.05) Control siRNA and DMSO used as negative control and didn’t have 

any growth inhibition effect. The control siRNA and AZD2281 combinations   

also induced growth inhibition effects whereas the combinations AZD2281 

with MNP-EF2K siRNA enhanced significantly superior growth inhibitions in 

MDA-MB-436 cells indicating eEF2K siRNA sensitize BRCA1 mutated breast 

cancer cells to PARP inhibitor. 

 

Figure 68. Combination of AZD2281 and EF2K siRNA enhances growth 

inhibition of MDA-MB-436 cells 
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Figure 69 Schematic illustration of cancer therapy of BRCA1 mutated 

cancer.Targeting eEF2K can lead to signal transduction pathways that 

promote tumorigenesis in BRCA1 mutated cancer.The downregulation of 

eEF2K impairs BRCA1 mutated cell invasion and migration through 

inhibition of SRC/FAK/Paxillin.Furthermore,Targeting EF-2K inhibits 

PI3K/AkT/mTOR/ 4EBP1 and leads a decrease stem cell like markers in 

BRCA1 mutated tumors. EF2K may be a novel potential therapeutic target 

in this cancer. 
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Our studies demonstrated for the first time that eEF2K promotes BRCA1 

mutated breast cancer proliferation; motility/ invasion and tumorigenesis, 

indicating that eEF2K plays an important role in growth and progression of 

BRCA1 mutated breast cancer. Moreover, our study also demonstrated that 

eEF2K might serve as a potential therapeutic target in these cancers.  

Furthermore, systemic delivery of siRNA by MNP can provide safe, sequence-

specific inhibition of the gene eEF2K by with significant anti-tumor efficacy 

in orthotopic tumor models, providing an important tool for the in vivo 

systemic use of siRNA or siRNA-based therapies, which is considered as a 

novel class of therapeutics especially for those “undruggabale” targets.  

eEF2K is an atypical kinase calcium-calmoduline activated kinase that belongs 

to alpha family of kinases activated with serine /threonine kinase activity [79]. 

The eEF2K regulates many cellular processes, such as protein synthesis, cell 

cycle progression, and induction of autophagy and apoptosis in cancer cells. It 

also has a critical function during stressful conditions, such as nutrient-

deprived condition, hypoxia, and DNA damage [82-84]. Especially energy or 

nutrient deprivation mediated induction of cAMP activated PKA and AMPK 

act as a positive regulators of eEF2K leading to increased phosphorylation of 

EF2 and inhibition/ slowing down of the protein synthesis [145, 146], allowing 

the cells to conserve energy or direct energy to other cellular functions.  

We showed for the first time that eEF2K expression is highly significantly up 

regulated in BRCA1 mutated (also considered as TNBC) and TNBC cells 

compared with normal non tumorigenic breast epithelium, which led us to 

hypothesize that this kinase is highly needed in BRCA1 mutated cancer cells 

lines and could act as a pro-survival kinase.  Our studies suggest that in fact 

eEF2K promotes important and clinically significant survival pathways and the 

signaling pathways related to cell growth, survival, migration and invasion, 

drug resistance, angiogenesis, stem-cell ness or stem cell maintenance, all of 

which contribute to tumorigenesis and progression of BRCA1 mutated breast 

cancer. 
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Src kinases are highly expressed in a variety of human tumors which often 

plays an integral part of cellular migration, proliferation, adhesion, and 

angiogenesis [135]. Moreover, Src directly interacts non-receptor focal 

adhesion kinase (FAK) and related with metastasis through its ability to induce 

the epithelial-to-mesenchymal transition [137]. Thus Src is one of the most 

important targets in solid tumors and there is a great deal of efforts to develop 

Src inhibitors, some of which are being tested in clinical trials. Our study 

identified that the activity of Src (p-Tyr-416) and FAK (p-Tyr-397) and 

Paxillin (p-Tyr-118) are inhibited after targeting eEF2K siRNA, lead to 

profound inhibition of in the invasive phenotype of BRCA1 mutated breast 

cancer.  

Angiogenic growth factors bind to the receptor endothelial cell surface and 

induce cascades of downstream signaling pathways during tumor angiogenesis. 

It was reported that inhibition of Src/ FAK expression leads to a down 

regulation of VEGF expression and result to increase MCP-1 expression, 

showing that both VEGF and MCP-1 are modulated by Src tyrosine kinase. 

Consistent with these in vivo results, Src and VEGF expression in knockdown 

eEF2K-treated solid tumors was also inhibited. The downregulation of these 

angiogenic growth factor and kinase cause downregulation of the signaling 

pathways involved in tumor microenvironment. This may explain why EF2K 

exerted such potent inhibitory actions on tumor angiogenesis and tumor growth 

in vivo. 

Another our interesting finding is that we detected the decreased expression of 

ALDH1A1 and CD44 was also observed in BRCA1 mutated tumor samples 

with overexpressed eEF2K. CD44 and ALDH1A1 are putative markers of CSC 

that were shown to be associated with drug resistance in cancer cells [147]. 

Therefore, this study is important for developing future personalized medicine 

eEF2K-targeted therapies, cancer stem cell markers and biomarkers associated 

with eEF2K inhibition and understanding mechanisms of drug 

resistance/sensitivity and developing novel combination therapy approaches.  
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Recent clinical studies suggest that PARP inhibitors are effective only in a 

portion of BRCA1 mutated patients who have low rate of response [148]. 

Further, it is currently unclear whether tumors that respond to combinations of 

PARP inhibitors. Thus novel targets are needed to identify effectively and an 

answer to this question will help define which cancers may benefit from this 

approach. In this study, the combination of eEF2K siRNA and AZD2281 

significantly decreased BRCA1 mutated cancer cells viability compared with 

control siRNA cells and cells treated with each agent alone. The results showed 

that inhibition of eEF2K sensitized BRC1A mutated tumors to PARP inhibitor 

AZD2281.  

Magnetic nanoparticles (MNPs) have unique properties such as high 

magnetization value and pass cellular barrier that have been used for many 

years as MRI agents imaging and diagnostic purposes and for gene delivery 

applications [15-17]. Using MNPs to target eEF2K provide relatively low 

siRNA dose and no additional chemical modification for the siRNA. MNP-

EF2K siRNA in combination with small-molecule drugs are likely to further 

increase the anti-tumor efficiency for future experiments. Taken together, 

MNP-EF2K siRNA has the potential to become a useful tool in BRCA1 

mutated cancer therapy siRNA loaded MNP may efficiently escape the 

reticuloendothelial system and pass into the tumor. 
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CHAPTER 4 

 

 

CONCLUSION 
 

 

 

The understanding how MNPs interact with living systems are the prerequisite 

information one needs to obtain before any further development of these 

nanomaterial for desired biomedical applications. Therefore we firstly intended 

to address the need for improved understanding the cyto-and genotoxicity of 

the MNPs and explored uptake of MNPs in human breast cell models. Uptake 

of the highest amounts of MNPs was observed in metastatic cells and the 

uptake of the silica coated MNPs were higher than the naked ones in both cell 

lines. Naked MNPs represented higher level of cytoxicity and genotoxicity than 

silica coated MNPs. Moreover, metastatic cells seemed to be more susceptible 

to MNPs toxicity than normal cells. There was concentration and time 

dependent increase in DNA damage and MN frequency (‰) even at the lowest 

concentration for naked MNPs while silica coated MNPs didn’t show 

genotoxicity below the concentration of 250 µg/mL. Moreover, the extent of 

DNA damage and MN frequency (‰) was much higher in cancer cells as 

compared to the normal cells. According to our results, silica coating 

ameliorated both cytotoxicity and genotoxicity as well the internalization of 

MNPs. 

Studies on the interface between the chemical parameters of nanostructures and 

cell biology are just beginning and a great deal is unknown about the interaction 

of nanostructures with cells and the potential toxicity, which may result. 

Cellular interactions of nanoparticles are one of the big interests and still 
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underway. One mechanism frequently discussed is the induction of oxidative 

damage of cellular constituents, either due to the generation of reactive oxygen 

species (ROS) or by inactivation of antioxidant defense system. Keeping in 

view the significant lack of toxicity data for CoFe-MNPs on human cancer 

breast cell lines, the our study was designed to investigate naked and silica 

coated MNPs induced the potential apoptosis, lipid peroxidation, ROS 

formation through ROS generation and oxidative related gene expression levels 

of some drug metabolizing enzymes in human cancer breast cell lines. ROS 

generation, lipid peroxidation and apoptosis were observed in the group treated 

with only a high concentration of silica MNPs while they were observed 

significantly even at low concentration in the group treated with naked MNPs. 

The core metals induced notably high levels of ROS generation and cell death 

at each concentration used. These data provide sufficient evidence to infer that 

the generation of intracellular ROS is caused by the accumulation of 

aggregated naked CoFe-MNPs. This is consistent with reports that silica-

coated CoFe-MNPs protected cells from oxidative stress by preventing soluble 

iron mobilization or acidic erosion 

Then 2-Amino-2-deoxy-glucose (2DG) were further conjugated with COOH 

modified CoFe MNPs in order to target over expressed GLUT1 in cancer cells 

(MDA-MB-231 and non-MCF-7) more than the normal breast cells (MCF-

10A) and investigated for its effects on cellular uptake, cytotoxicity and 

apoptosis in two different breast cancer cell lines. The results were compared 

with that of the normal breast cells. Finally we studied the effect of 2DG-MNPs 

on gene expressions of two Phase I (CYP1A1, CYP1B1) and two phase II 

(GSTM3, GSTZ1) drug metabolizing enzymes in cells treated with 2DG-

MNPs.  

2-amino-2-deoxy-glucose (2DG) was successfully conjugated to -COOH 

modified cobalt ferrite magnetic nanoparticles (CoFe MNPs), which was 

designed to target tumor cells through glucose transporters as a potential 

targetable drug/gene delivery agent for cancer treatment. According to our 
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results, it is apparent that 2DG-MNPs were internalized more efficiently than 

COOH-MNPs under same conditions, in all cells (p<0.001). Moreover, the 

highest amount of uptake was observed in MDA-MB-231 cells, which is 

followed by MCF-7 and normal MCF-10A for both MNPs. The apoptotic 

effects of 2DG-MNPs was further evaluated, and it was found that apoptosis 

was not induced at low concentration of 2DG-MNPs, in MDA-MB-231 cells, 

whereas dramatic cell death was observed at higher concentrations. Same trend 

was observed for both MCF-7 and normal MCF-10A cells. Apoptotic cell death 

was further confirmed by gene expression analysis. In addition, the gene 

expression levels of some drug metabolizing enzymes, two Phase I (CYP1A1, 

CYP1B1) and two Phase II (GSTM3, GSTZ1) were also studied in cells treated 

with 2DG-MNPs and the expression levels of these genes were seen to increase 

at high concentration of 2DG-MNPs, whereas at low concentration no 

induction was observed. In conclusion, Selective uptake of 2DG-MNPs was 

shown in breast cancer cells that provide an opportunity to design a nanocarrier 

with specific therapeutic action with reduced side effects in terms of 

cytotoxicity. 

Finally, recent advancements in the understanding of genetic events in in breast 

cancers with inherited mutations in BRCA1 or BRCA2 have allowed the 

development of poly (ADP-ribose) polymerase inhibitors (PARP) for the 

treatment of these patients. However, the reported response rates for these 

agents range from 26%-50% in clinical studies, indicating that upto 74% of 

patients may not have response to PARP inhibitors and those patients who 

initially respond eventually become resistant and have progressive disease. 

Thus, novel therapeutic interventions for the BRCA1 mutated patients who do 

not respond to PARP inhibitors or become resistant to them are critical to 

expanding the scope of therapy for these patients. To addresses this unmet need 

and for an improved understanding the molecular pathways and abnormalities 

- we investigated the expression and role of an atypical kinase, Eukaryotic 

elongation factor-2 kinase (EF-2K) in the BRCA1 mutated breast cancer. We 
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found that eEF-2K is markedly up regulated in BRCA1mutated cell lines and 

knockdown of the gene by siRNA significantly inhibited colony formation, 

proliferation, migration and invasion of of BRCA1 mutated cells.  Furthermore, 

in vivo therapeutic targeting of eEF-2K by long-acting slow release magnetic 

nanoparticles incorporating eEF2K siRNA ( i.v, 0.3mg/kg, once in a week) 

significantly inhibited growth of BRCA1 mutated tumor growth in orthotopic 

xenograft models in mice. In vivo inhibition of EF2K lead to inhibition of 

molecules and pathways that are involved in migration/invasion 

(Src/FAK/paxillin), angiogenesis (VEGF), proliferation, cell cycle, survival, 

translational regulation (c-myc, CyclinD1, Akt,/, 4E-BP1). Collectively, our 

results suggest, for the first time, that eEF-2K is involved in tumorigenesis and 

progression of BRCA1 mutated breast cancer and may be a novel a novel 

potential therapeutic target in this cancer. 

Targeted MNP-EF2K siRNA are efficacious at a relatively low siRNA dose 

and do not require chemical modification of the siRNA for stabilization. Future 

experiments employing MNP-EF2K siRNA in combination with small-

molecule drugs are likely to further enhance the anti-tumor potency of this 

system. We therefore conclude that MNP-EF2K siRNA formulated in targeted 

EF-2K has the potential to become a useful tool in BRCA1 mutated cancer 

therapy siRNA loaded MNP could efficiently evade the RES uptake, and target 

and penetrate the tumor after i.v. injection. 
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APPENDICES 

 

 

A. DETECTION OF MYCOPLASMA 

 

 

 

Mycoplasma is a form of bacteria that lacks a nucleus and a cell wall, and are 

thus unaffected by many antibiotics. The types of nanoparticle formulations 

generally tested for mycoplasma contamination include those that incorporate 

a component derived from a bacterial culture, animal or hybridoma. All cell 

lines underwent regular passages and were routinely checked for mycoplasma 

contamination. 

Cell were grown in 60x15 mm culture dish, Then nanoparticles were added to 

the cell culture media, After 24 h incubation, Transfer 0.5-1.0ml cell culture 

supernatant into a 2ml centrifuge tube. To pellet cellular debris, centrifuge the 

sample at 250 x g briefly. Transfer the supernatant into a fresh sterile tube and 

centrifuge at 15,000-20,000 x g for 10 minutes to sediment mycoplasma. 

Carefully decant the supernatant and keep the pellet (the pellet will not always 

be visible). Re-suspend the pellet with 50μl of the Buffer Solution and mix 

thoroughly with a micropipet. Heat to 95°C for 3 minutes. The test sample can 

be stored at this stage at -20°C for later use. 

Reagents Volume H2O 35μl  

Reaction Mix 10μl  

Test sample 5μl 

2. Overlay mineral oil (approximately 40μl) to avoid the evaporation of the 

reaction mixture. 
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3. Place all tubes in DNA thermal cycler. Set the parameters for the following 

conditions and perform PCR.  

94°C 30 secs.  

94°C 30 secs.  

60°C 120 secs.       35 cycles  

72°C 60 secs.  

94°C 30 secs.  

60°C 120 secs.  

72°C 5 min. 

C. Analysis of amplified products by gel electrophoresis:  

1. Apply 20μl of the PCR product to the gel electrophoresis.  

Do not add loading buffer to the samples. Use 2% agarose gel. 

2. Perform agarose gel electrophoresis with the PCR amplified samples to 

verify the amplified product and its size.  

The size of DNA fragments amplified using the specific primers in this kit is 

270bp. 

D. Control Template: 

By the use of 1μl of Positive Template Control as a test sample, PCR efficiency 

can be checked. The size of the PCR product obtained using the positive 

template with primer pairs is 270bp. 
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Figure 70. Detection of mycoplasma contaminations in MCF-10A, MCF-7 

MDA-231 cells treated with NPs 
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APPENDICES 

 

 

B. PRIMER SEQUENCES 

 

 

 

Primer sequences for BCL-2, BAX, PUMA, SURVIVIN, CYP1A1, 

CYP1B1, GSTM3, GSTZ1 and -ACTIN genes. 

 

 

 

 

Primer                             Sequence 5’ to 3’ 

 

BCL-2 Forward             GGATTGTGGCCTTCTTTGAG  

BCL-2 Reverse              TCTTCAGAGACAGCCAGGAGA  

         BAX Forward                TCTGACGGCAACTTCAACTG 

         BAX Reverse                 TTGAGGAGTCTCACCCAACC 

         PUMA Forward             GACCTCAACGCACAGTA 

         PUMA Reverse              CTAATTGGGCTCCATCT 

         SURVIVIN Forward      AGCCAGATGACGACCCCATAGAGG 

         SURVIVIN Reverse       AAAGGAAAGCGCAACCGGACGA 

         CYP1A1 Forward           TAGACACTGATCTGGCTGC 

         CYP1A1 Reverse            GGGAAGGCCCATCAGCATC 

         CYP1B1 Forward           AACGTCATGAGTGCCGTGTGT 

         CYP 1B1 Reverse           GGCCGGTACGTTCTCCAAATC 

         GSTM3  Forward            AGGGGTCAGCGCTCTTGCTT  

         GSTM3 Reverse             GGGAAATGCCACAGTATCGCAGC  

         GSTZ1 Forward               GCATCGACTACAAGACGGTGCCC  

         GSTZ1 Reverse              GAAGTCGCGGAGTGGGACGC  

         b-ACTIN Forward          CAGAGCAAGAGAGGCATCCT 

         b-ACTIN Reverse          TTGAAGGTCTCAAACATGA 
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APPENDICES 

 

 

C. AMPLIFICATION CURVES, MELT CURVES, STANDARD 

CURVES 

 

BCL-2 

 

Amplification curve; the accumulation of fluorescence emission at 

each reaction cycle. 

 

Melting curve; the fluorescence emission change vs. temperature. 

Single peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to 

calculate quantities of BCL-2 mRNAs 
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BAX 

 

Amplification curve; the accumulation of fluorescence emission at each reaction 

cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. Single peak 

means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate quantities 

of BAX mRNAs  
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PUMA 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. 

Single peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of PUMA mRNAs  
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SURVIVIN 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change vs. temperature. Single 

peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of SURVIVIN mRNAs  
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CYP1A1 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. 

Single peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of CYP1A1 mRNAs  
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CYP1B1 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. 

Single peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of CYP1B1 mRNAs  
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GSTM3 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. Single 

peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of GSTM3 mRNAs  
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GSTZ1 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus   temperature. Single 

peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of GSTZ1 mRNAs  
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ß-Actın 

 

Amplification curve; the accumulation of fluorescence emission at each 

reaction cycle. 

 

Melting curve; the fluorescence emission change versus temperature. Single 

peak means single PCR product. 

 

Standard curve generated from serial dilutions of chosen cDNA to calculate 

quantities of ß-ACTIN mRNAs  
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