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ABSTRACT 

 

 

INVESTIGATION OF IN VITRO CYTOTOXIC EFFECTS OF HEPARIN 

COATED IRON OXIDE NANOPARTICLES COMBINED WITH TPP-DCA 

ON HUMAN HEPATOCELLULAR CARCINOMA CELL LINE HEPG2 

 

 

 

Saraç, Başak Ezgi 

M.Sc., Department of Biology 

Supervisor: Prof. Dr. N. Tülin Güray 

Co-supervisor: Prof. Dr. Mürvet Volkan 

 

June 2018, 68 pages 

 

 

Nanotechnology in medicine involves the applications of nanoparticles and 

one of the rising field is cancer nanotechnology, which has been increasingly 

used in cancer diagnostics, imaging, and therapeutic drug delivery. The 

advantage of the use of the nanoparticles is that, they can be designed to be 

specific for tumor tissue. This allows increased drug delivery efficiency and 

reduced off-target toxicities. Iron oxide nanoparticles used in this study are 

smaller than 100 nm but still it gives an enhanced surface area for the delivery 

of drugs. 

Considering the tumor metabolism, targeted therapeutic agents are an 

alternative anti-tumor treatment which has wide potentials. In most cancer 

cells, fast growing is related to the disabled mitochondria and consequently 

cells resist to undergo apoptosis and able to grow in the absence of oxygen.  

 

 

v 



Dichloroacetate (DCA) which is a pyruvate dehydrogenase kinase inhibitor, reverse 

this process, reduce proliferation and inhibit the tumor growth. However, the DCA 

dose required to show this effect is significantly high. In order to use a 

pharmacologically suitable dose, magnetic nanoparticles which can increase the 

cellular uptake of DCA can be a more efficient alternative. Therefore, in this study, 

iron oxide nanoparticles (Fe3O4) were first modified with heparin, Dichloroacetate 

(DCA) is placed inside the heparin layers and in order to use glucose channels, 

conjugated with 2-deoxy-D-glucose. Triphenlyphosphonium (TPP) was also added to 

induce the uptake by mitochondria. Internalization of nanoparticles, their cytotoxicity, 

effects on mitochondrial membrane potential and apoptotic pathways were further 

analyzed in human hepatocellular carcinoma cell line, HepG2. 

Uptake assays performed with naked nanoparticles, 1-layer heparin coated TPP-DCA 

conjugated 2-DG attached nanoparticles, and nanoparticles with 2-layer heparin 

coated TPP-DCA conjugated with or without 2-DG showed that, heparin coating and 

2-DG conjugation significantly increased cellular uptake of particles. Cytotoxicity 

experiments showed that, tailored nanoparticles increased DCA delivery into cancer 

cells compared to commercially available Na-DCA drug even when it was conjugated 

to triphenylphosphonium (TPP). Apoptosis studies indicated that tailored 

nanoparticles drive cells to undergo apoptosis rather than necrosis. Also, they 

decreased mitochondrial membrane potential, shifting the hyperpolarization to 

depolarization indicating that, 2-layer heparin coated TPP-DCA conjugated 2-DG 

attached nanoparticles not only increased DCA delivery significantly, but also killed 

hepatocellular carcinoma, HepG2 cells through apoptosis. 

 

Keywords: Dichloroacetate, triphenylphosphonium, iron oxide nanoparticles, 2-D 

Glucose, liver cancer, drug delivery 
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ÖZ 

 

 

HEPARİN İLE KAPLANIP TPP-DKA İLE KONJUGE EDİLMİŞ DEMİR 

OKSİT NANOPARÇACIKLARININ İNSAN KARACİĞER KANSER 

HÜCRE HATTI ÜZERİNDEKİ ETKİSİNİN İN VİTRO ARAŞTIRILMASI 

 

 

 

Saraç, Başak Ezgi 

Yüksek Lisans, Biyoloji Bölümü 

Tez Yöneticisi: Prof. Dr. N. Tülin Güray 

Ortak Tez Yöneticisi: Prof. Dr. Mürvet Volkan 

 

Haziran 2018, 68 sayfa 

 

 

Tıpta nanoteknoloji, nanoparçacıkların uygulamalarını içeren kanser 

biyoteknolojisinin yükselen alanlarından biri olup, kanser teşhisi, görüntüleme ve 

terapötik ilaç gönderimi alanlarında giderek daha çok kullanılmaktadır. 

Nanoparçacık kullanımının avantajlarından biri tümör dokusuna göre spesifik 

olarak dizayn edilebilmesidir. Bu özelliği ile ilaç gönderimindeki verimin 

artırılmasına katkı verirken hedef dışı toksisitenin azalmasını da sağlamaktadır. 

Bu çalışmada kullanılan demir oksit nanoparçacıklarının boyutu 100 nm’den 

küçük olmasına rağmen ilaç gönderimi için büyük yüzey alanı oluşturmaktadır.  

 

Tümör metabolizması göz önünde bulundurulduğunda hedeflenmiş terapötik 

ajanlar tümör tedavisinde potansiyel alternatiflerdir. Çoğu kanser hücresinde hızlı 

çoğalma apoptoza direnme ve oksijen yokluğunda dahi büyümeye olanak 

sağlayan işlevi bozulmuş mitokondriler ile ilişkilendirilmiştir.  
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Bir pirüvat dehidrogenaz kinaz inhibitörü olan dikloroasetat (DKA) bu süreci tersine 

çevirerek proliferasyonu azaltmakta ve tümör büyümesini engellemektedir. Ancak, 

DKA’nın bu etkiyi gösterebilmesi için gereken doz çok yüksektir. Farmakolojik olarak 

uygun dozu kullanabilmek için DKA’nın hücresel alımını artırabilecek manyetik 

nanoparçacıklar daha etkili bir alternatif olarak karşımıza çıkmaktadır. Bu sebeple bu 

çalışmada, demir oksit nanoparçacıkları (Fe3O4) önce heparin ile modifiye edilmiş, 

dikloroasetat (DKA) heparin katmanları arasına yerleştirilmiş ve glikoz kanallarını 

kullanarak hücre içine girebilmesi için 2-D Glucose ile konjüge edilmiştir. Ayrıca 

mitokodriyel alımı artırmak için DKA trifenilfosfonyum (TPP) ile bağlanmıştır. 

Nanoparçacıkların hücre içine alımı, sitotoksisiteleri, mitokondriyel membran 

potansiyeli ve apoptotik yolaklar üzerine etkileri insan hepatoselüler karsinoma hücre 

hattı olan HepG2 üzerinde analiz edilmiştir. 

 

Çıplak nanoparçacık, 1 kat heparinle kaplanmış TPP-DKA ile konjüge edilip 2-DG 

bağlanan nanoparçacıklar ile 2 kat heparinle kaplanmış TPP-DKA ile konjüge edilip 

2-DG ile bağlanan ve bağlanmayan nanoparçacıklar ile gerçekleştirilen hücresel alım 

deneylerinin sonucunda heparin kaplamanın ve 2-DG konjügasyonunun 

nanoparçacıkların hücre içine alımını kayda değer miktarda artırdığı gözlemlenmiştir. 

Sitotoksisite sonuçlarına göre, hazırlanan nanoparçacıklar ticari olarak satılan Na-

DKA ilacına oranla kanser hücrelerine DKA gönderimini artırmıştır. Apoptotik 

etkilerini değerlendirmek amacıyla yapılan apoptoz deneyinden elde edilen sonuçlar 

hazırlanan nanoparçacıkların kanser hücrelerini nekroz yerine apoptoza sürüklediğini 

göstermiştir.  
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Bunun yanısıra, kullanılan nanoparçacık ürünü mitokondri membranını 

hiperpolarizasyondan depolarizasyona kaydırarak mitokondriyel membran 

potansiyelini yüksek miktarda azaltmış ve 2 kat heparinle kaplanmış TPP-DKA ile 

konjüge edilip 2-DG bağlanan nanoparçacıklar yalnızca DKA gönderimini 

artırmamış, aynı zamanda hepatoselüler karsinoma hücre hattı olan HepG2 

hücrelerinin apoptoz yoluyla ölümüne neden olmuştur. 

 

 

Anahtar Kelimeler: Dikloroasetat, trifenilfosfonyum, demir oksit nanoparçacıkları, 

karaciğer kanseri, ilaç gönderimi 
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Cancer 

 

Cancer is a general definition for a broad group of diseases in which cells undergo an 

uncontrolled cell division and invasion. In healthy organisms, almost all cells except 

cells belong to muscles and nervous system are capable of dividing in a controlled 

manner to replace dead cells and repair damaged or wounded tissues, although their 

ability to do so are restricted to a certain extent. On the other hand, cancer cells that 

may originate from anywhere of the body grow abnormally in an uncontrolled fashion 

and eventually spread and invade other tissues and organs, a process termed metastasis 

(Fidler et.al., 2015). Normally, a balance between cell proliferation and apoptosis that 

is also referred as cell turnover maintains homeostasis within the tissues and organs 

(Bertram, 2000). Even small disruptions in this process resulted from any genetic 

changes due to mutations or other events break this balance and cause cells to behave 

abnormally which may eventually give rise to generation of cancerous cells. Tumor 

cells are usually classified into two main categories according to their properties as 

benign and malignant. Although benign tumors can grow to form a large mass that may 

apply pressure on neighboring tissues, they lack the ability to spread or invade other 

tissues and organs by leaking through lymphoid or blood vessels, whereas malignant 

tumors can do. Cancer types are named based on the place they originate, such as 

breast, lung, colorectal, and liver cancer and they show different growth rates and 

metastatic properties. Therefore, strategies used to treat each cancer type are different, 

since different cancer types will not respond the same treatment in the same way.  

Cancer is one of the primary reasons of death worldwide. According to recent statistics 

reported in 2018 (Siegel, 2018), only in United States, there are 1,735,350 new cancer 

cases and 609,640 cancer deaths. 

1 



 

1.2 Liver Cancer 

 

According to statistics reported in 2018, liver cancer is one of the most common cancer 

type and its occurrence continues to increase in females, while remains constant in 

males (Siegel, 2018; American Cancer Society, 2018). Liver cancer is a type of 

malignant tumor and the most frequent liver cancer type is hepatocellular carcinoma 

(HCC) which originates from liver and constitutes about 90% of liver cancer (Fong 

et.al., 2015). HCC is reported as to be the third leading cause of cancer-related death 

worldwide (Ferlay et.al., 2010; Jemal et.al., 2011). 

 

 

1.3 Treatment Strategies for Liver Cancer 

 

Although there are extensive amount of studies focusing on the treatment of liver 

cancer, it is still one of the most difficult cancer to treat. Treatment strategies for liver 

cancer usually differ according to stage of the disease. For patients with early liver 

cancer are surgical resection, partial hepatectomy, adjuvant therapy after surgery, or 

liver transplantation, and locoregional therapy, while treatment for patients having 

intermediate HCC involves TAE (embolic particles without chemotherapy) or TACE 

(chemotherapeutic drugs and embolic particles) therapy to induce tumor necrosis. 

Patients with advanced HCC are usually treated with systemic therapies such as 

cytotoxic chemotherapies, immunotherapy, and oncolytic virus therapy. New 

approaches for treatment are now involving multiple disciplines. Multimodal treatment 

alternatives are becoming new trends, since they are more specific compared to old 

fashioned treatments (Liu et.al., 2015). 
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1.3.1 Chemotherapy for Liver Cancer     

 

Although there is no standard chemotherapy approach to treat hepatocellular 

carcinoma, there are several agents that are actively used. A multiple kinase inhibitor, 

Sorafenib, is used as frontline therapy due to its ability to repress the activity of Raf-1 

and other tyrosine kinases by inhibiting phosphorylation of MEK/(ERK) cascade (Liu 

et.al., 2016). Also, another anti-cancer agent, doxorubicin (DOX) is one of the most 

common drugs used in HCC treatment. DOX is an anthracycline antibiotic that can 

slow down growth and proliferation of cancer cells by disrupting topoisomerase-II-

mediated DNA repair and producing free radicals, thus damaging cellular membranes, 

DNA and proteins (Gewirtz, 1999). Moreover, anti-cancer drugs such as 5-fluorouracil 

and cisplatin are also used as chemotherapeutic agents to treat HCC. However, the 

success rates of all these treatments cannot exceed 10%, which might be due to toxicity 

or poor response because of chemoresistance (Asghar et.al., 2012). Since individual 

response to the same drug vary among patients, combination therapy that may reduce 

side effects is usually preferred (Zhao et.al., 2015). Besides, although dichloroacetate 

(DCA) had been thought to be one of the causes of liver toxicity and liver cancer 

(Herren-Freund et.al, 1987; Bull et.al., 1990; DeAngelo et.al., 1991, 1999; Daniel 

et.al., 1992; Pereira, 1996) until the last decade, there are various reports that show 

anti-tumor effects of DCA (Neveu et.al., 2016; Su et.al., 2016; Kankotia et.al., 2014; 

Zhang et.al., 2011; Pathak et.al., 2014). 

 

 

1.3.1.1 Dichloroacetate as Anti-Cancer Drug 

Dichloroacetate (DCA -C2H2Cl2O2) is an anti-cancer agent due to its ability to reverse 

Warburg effect, which defines the phenomena that cancer cells obtain their 

bioenergetic needs from glycolysis rather than glucose oxidation in tumors. Although 

in 1960s DCA had been known to treat congenital lactic acidosis (Stacpoole et.al., 

2008) and had effects on hypercholesterolemia (Stacpoole et.al., 1970), recent studies 

showed its anti-tumoral effect mainly by altering the mitochondrial metabolism 

(Roche et.al., 2001; Kato et.al., 2007; Pathak et.al., 2014).  
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DCA is considered as a mitochondrial kinase inhibitor, since it is capable of changing 

abnormal metabolism of cancer cells from glycolysis to glucose oxidation through its 

inhibitory effect on pyruvate dehydrogenase kinase 1 (PDK1), thereby causing 

positive regulation of pyruvate dehydrogenase (PDH) (Stacpoole, 1989). This 

inhibition stimulates the conversion of pyruvate into Acetyl-CoA, thus the activation 

of oxidative phosphorylation. It was found that, DCA administration causes a 

reduction in high mitochondrial membrane potential and an increase in free radicals, 

especially reactive oxygen species (ROS) generated via the action of mitochondrial 

enzymes in cancer cells but not in healthy cells (Bonnet et.al., 2007; Pathak et.al., 

2014). By this way, DCA promotes apoptosis, reduces high mitochondrial membrane 

potential in cancer cells and slows down or stops cancer cell proliferation and growth. 

Despite its potential for mitochondria-targeted cancer treatment, its uptake by 

mitochondria is considerably low due to its negative charge (Michelakis et.al., 2008). 

Therefore, the pharmacological dose required to show desired anti-tumor effect is 

significantly high that may lead to severe side effects, including liver toxicity. 

 

 

 

Figure 1.1 Chemical structure of sodium dichloroacetate (Na-DCA) 
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1.3.1.2 New approach for DCA delivery 

 

Most common way of delivering DCA involves conjugation with sodium salt (Na-

DCA) (Kankotia et.al., 2014), but its uptake still cannot reach a desired concentration. 

New steps that was taken in order to increase the uptake involves the modification 

DCA with lipophilic phosphonium cations such as triphenylphosphonium (TPP) which 

is also used because of its ability to utilize the large mitochondrial membrane potential 

(Δψm, negative inside) to increase the accumulation (Murphy et.al., 2007; Finichiu 

et.al., 2012). These cations form a positively charged complex when they are 

conjugated with DCA, so this allows the complex to cross the mitochondrial inner 

membrane. 

 

 

1.4 Nanobiotechnology in cancer and drug delivery 

 

Nanobiotechnology is an important branch of nanotechnology in which different 

disciplines such as genomics, proteomics, chemistry, physics and engineering are 

combined. Nowadays, nanobiotechnology has a significant potential in the discovery 

and development of new tools, biodegradable materials and biomolecular-sensing 

applications and it provides an ever-growing understanding in the study of life 

(Malekzad et.al., 2018). The field has a great impact on many industrial applications 

and new discoveries such as drug delivery systems, tailor-made gene therapy, imaging, 

artificial organs, and micro-/nanobiomaterials (nanoparticles, nanosized microchips 

etc.) (Shi et.al., 2010; Ruggiero et.al., 2010), and the aim is to use these developments 

at the molecular level. Currently, most of the potential therapeutic drugs have poor 

pharmacokinetic properties, which creates a need for an improvement in drug delivery. 

Development of new biocompatible nanocarriers such as nanoparticles provides novel 

ways for targeted drug delivery without damaging and affecting other tissues and 

organs (Liu et.al., 2007; Singh et.al., 2009).  
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These nanocarriers also provide a direct targeting to tumor cells by using the properties 

of cancer cells which is quite different from the healthy ones. For example, it was 

shown that, the extracellular pH of cancerous tissue is much lower than that of the 

normal tissue (Ruggiero et.al., 2010). Using this knowledge, biodegradable 

nanomaterials, which are broken at low pH that corresponds to tumor 

microenvironment but not at higher pH, could be produced and healthy tissues can be 

saved.  Moreover, another difference between cancer and normal tissues is shown in 

the glucose uptake rate. New treatment methods now include therapies that blocking 

glucose uptake by cancer cells with time instead of changing or slowing metabolism 

of these cells (Kalyanaraman, 2017).  Normal cells do not utilize glucose to form 

lactate in the presence of oxygen. As opposed to healthy cells, cancer cells metabolize 

glucose to lactate to meet energy requirement for their survival although oxygen is 

available, a phenomenon termed as Warburg effect as shown in Figure 1.2 (Koppenol 

et.al., 2011).  

 

 

Figure 1.2 Metabolic differences in normal and cancer cells and tissues. OXPHOS 

refers to oxidative phosphorylation. (Kalyanaraman, 2017). 
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This metabolic difference is one of the first defined characteristics referred as 

trademark of cancer cells. Cancer cells are highly glycolytic since they have to 

metabolize much more glucose to obtain necessary energy for their survival.  

Thus, their glucose uptake is considerably higher compared to normal cells and this 

uptake is facilitated through glucose transporters (GLUTs) that are known to be 

overexpressed in cancer cells (Kalyanaraman, 2017). According to literature, 

fluorodeoxyglucose uptake through GLUT1 channels is significantly higher in 

aggressive Her2-positive mammary tumor (Alvarez et.al., 2014), and   GLUT1 protein 

is known to be overexpressed in highly aggressive cancer cell lines (Chen et.al., 2010; 

Cao et.al., 2013). Since glycolysis is the only energy-producing process in cancer cells, 

blocking any step of this pathway by using selectively targeted drugs could be a 

potential approach to cancer therapy. Thus, cancer cells can be inactivated without 

damaging other tissues by selectively inhibiting GLUT channels, which was 

accomplished by the internalization of glucose-coated magnetic nanoparticles 

(Venturelli et.al., 2016). Also, one of the anticancer strategies focusing inhibition of 

glycolytic pathway involves 2-deoxyglucose (2-DG), a competitive inhibitor of 

glucose metabolism that inhibits hexokinase-2 activity which is highly expressed in 

cancer cells compared to normal cells (Pelicano et.al., 2006; Roberts et.al., 2015). 

Although using only 2-DG in cancer treatments has not been successful yet, but still it 

offers a promising approach in multimodal cancer therapy (Muley et.al., 2015; Wang 

et.al., 2015). Hence, coating nanoparticles with 2-DG not only increases the uptake of 

NPs through GLUTs, but also it helps blocking cancer growth by inhibiting at the very 

first step of glycolysis. 
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1.4.1 Nanoparticles 

 

The reason why nanoparticles (NPs) are attractive for medical purposes is based on 

their important and unique features, such as their surface to mass ratio that is much 

larger than that of other particles, their quantum properties and their ability to adsorb 

and carry other compounds. NPs have a relatively large (functional) surface which is 

able to bind, adsorb and carry other compounds such as drugs, probes and proteins 

(Jong et.al., 2008). Among them, polymeric NPs have a significant potential to 

develop more efficient therapeutic anti-cancer drugs by driving targeted delivery and 

controlled release of the drugs to the sites of interest. By controlling their thickness 

and composition and modifying these polymeric NPs with potential therapeutic agents 

and other ligands that help to induce their uptake by the desired tissues is one of the 

promising approaches for cancer treatment (Karlsson et.al., 2018). These NPs carrying 

drugs (nanomedicines) can decrease severe side effects produced by prohibitive doses 

of anti-cancer drugs by loading them with smaller doses of chemotherapeutic agents 

that would directly target cancer cells (Schoonen et.al., 2014).  There are many 

different types of inorganic NPs composed of gold (Ekin et.al., 2014; Madhusudhan 

et.al., 2014; Darfarin et.al., 2018) or iron oxide (Zhu et.al., 2014; Truffi et.al., 2018; 

Kesavan et.al., 2018) that are available also for imaging and sensing for diagnostic 

applications (Zhu et.al., 2014; Iv et.al., 2015) as well as drug loading and drug release 

for therapeutic applications (Lin et.al., 2014; Zhao et.al., 2018; DiStasio et.al., 2018; 

Jayant et.al., 2018; Kesavan et.al., 2018). For example, gold–silicon oxide (SiO2/Au) 

core–shell nanoparticles were shown to be a potential radiotherapy option for breast 

cancer cell line, MCF-7 (Darfarin et.al., 2018). Glucosaminic acid-modified magnetic 

nanoparticles (GA-MNP) showed a great solubility in water and they were stable, 

however, their cellular uptake required over 5-day exposure (Yu et.al., 2008). Also, it 

was found that, the pullulan super magnetic iron oxide nanoparticle (Pn-SPIONs) 

exposure decreased cell viability and cell adhesion (Gupta et.al., 2005).  
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According to Iv and coworkers, ultra-small superparamagnetic iron oxides had an 

effective role in diagnostic and therapeutic neuro-oncologic setting in brain tumor (Iv 

et.al., 2015). 

 

In our study, iron oxide nanoparticles are chosen for drug (DCA) delivery for 

therapeutic purposes. 

 

 

1.4.1.1 Iron Oxide Nanoparticles 

 

In recent years, the use of smart and biocompatible NPs is becoming new trends in 

biomedical applications, since they have different properties and can be tailored 

according to its purpose, avoiding the unwanted side effects (Seabra et.al., 2013; Nazir 

et.al., 2014). One of the promising nanomaterials drawing attention is the iron oxide 

nanoparticles, especially magnetite (Fe3O4) with a core ranging between 10 nm and 

100 nm in diameter (Wahajuddin et.al., 2012). Iron oxide nanoparticles (IONPs) have 

attracted much consideration due to their unique properties, such as 

superparamagnetism, surface-to-volume ratio, greater surface area, and easy 

separation methodology. These NPs are being widely used in various biomedical 

applications including the diagnostic purposes, targeted drug delivery, and 

hyperthermia (Haddad et.al., 2012; Chen et.al., 2012; Gajalakshmi et.al., 2013; Cai 

et.al., 2014). 

 

 

1.4.1.2 Surface Modifications 

 

Although iron oxide NPs (Fe3O4) that are also known as magnetic nanoparticles are 

considered as promising nanomaterials among others due to their chemical and 

physical properties, low bioavailability and biocompatibility are one of the most 

important disadvantages of using these materials.   
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Despite their common usage by scientific community, their toxicity is another 

significant drawback (Seabra et.al, 2014). Iron oxide magnetic nanoparticles due to 

having chemical nature different than biological components, do not act in the same 

way, causing undesired outcomes such as cell membrane adhesion, cell death, or cell 

growth (Gupta et.al., 2005; Auffan et.al., 2006). In order to be able to use these iron-

based magnetic nanoparticles safely in biomedical applications, some surface 

modifications for a desired purpose should be carried out.   

 

Coating iron-based MNPs with biocompatible materials can increase uptake 

efficiency, neutralize cytotoxic effects produced by these nanoparticles to only exert 

the function of conjugated drug of interest since they are nontoxic or relatively less 

toxic, whereas uncoated iron oxide nanoparticles promote a significant reduction in 

metabolic activity and cell proliferation in the human body (Jian et.al., 2014; Brunner 

et.al., 2006).  Besides, coating with biodegradable materials can stabilize the 

nanoparticle systems, decreasing the opsonization risk by phagocytic system along 

blood circulation in the body (Eidi et.al., 2010; Kemp et.al., 2010). Also, this surface 

modification provides a framework for conjugation with biological moieties or 

therapeutic agents for cancer targeted treatment (Bava et.al., 2013; Mora-Huertas 

et.al., 2010). Among coating materials, heparin, an anticoagulant agent, is widely used 

due to its ability to mask toxicity of nanoparticles and improve the biocompatibility of 

nanocarriers (Singh et.al., 2007; Garg et.al., 2017). Heparin coated nanoparticles can 

be used in various biomedical applications such as tissue engineering, cancer therapy 

and targeted drug delivery, and diagnostic applications (Kemp et.al., 2010; Bava et.al., 

2013). 
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Figure 1.3 Chemical structure of heparin 

 

 

1.4.1.3 Two-layer Heparin Coated TPP-DCA conjugated 2-D-Glucose Attached 

Iron Oxide Nanoparticles 

 

Nanoparticles (IONPs) that are used in this study are prepared in Prof.Dr. Mürvet 

Volkan’s laboratory at Department of Chemistry (METU) (Akpinar, 2017). Heparin is 

used as coating material to improve biocompatibility. As heparin layer increases on 

surface of the nanoparticles, not only solubility of NPs, but also NP uptake rate by 

cancer cells were increased. Using the advantage of the negative charge of heparin, 

dichloroacetate (DCA) conjugated with positively charged triphenylphosphonium 

(TPP) was embedded in this heparin layer and an additional heparin layer conjugation 

was performed via ionic interaction. The positive charge on TPP help the 

internalization of DCA by mitochondrial membrane and this internalization eventually 

would lead to inhibition of PDH kinase, thereby reversing Warburg effect by 

stimulating pyruvate to Acetyl-CoA conversion for oxidative phosphorylation, the 

process cancer cells do not prefer, since they are highly glycolytic.   
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Furthermore, using the differences in the expression of GLUT channels in cancer cell 

lines in which glucose uptake is much higher than healthy cells, heparin coated 

nanoparticles were conjugated with 2-D-Glucose which will help for the 

internalization of the NPs and eventually inhibiting glycolysis by both blocking 

hexokinase-2 and further glucose uptake. 

 

 

1.5 Aim of the Study 

 

The aim of the study is to design a nanoparticle which can be an effective way for 

DCA transport into hepatocellular carcinoma HepG2 cells. For this reason, we 

collaborated with Prof.Dr. Mürvet Volkan’s laboratory at Chemistry Department and 

iron oxide nanoparticles (Fe3O4) were prepared for DCA delivery into liver cancer 

cells. In order to improve biocompatibility, the surface of the NPs was modified with 

heparin.  

 

Further, to increase the rate of internalization of NPs into the cells, 2-D-Glucose was 

attached so that final product can use GLUT II transporters. The design of 

nanoparticles was then carried out in the light of the biological experiments which 

were used to optimize DCA delivery into cells. Then HepG2 cells were treated with 

these NPs in order to see their cellular uptake and possible cytotoxic effects for 

successful drug delivery. The effect of the drug was tested by looking at the apoptotic 

potential and the change in the mitochondrial membrane potential of the cells. 
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CHAPTER 2 

 

MATERIALS AND METHODS 

 

 

2.1 Materials 

 

All laboratory equipment used in cell culture and assays performed outside of the cell 

culture were analytical and cell culture grade.  In cell culture experiments, T-25/T-75 

cell culture flasks and 6 well/ 96-well cell culture plates, (Sarstedt, Germany or 

Grenier-Bio, Germany), Cryovials (Grenier-Bio, Germany), micropipettes 

(Eppendorf, Germany), multichannel Pipette 200 μL (Rainin, Mettler-Toledo, USA), 

pipetgun (Isolab, Germany), sterile filtered pipette tips (Grenier-Bio, Germany,  

Axygen, USA), serological pipettes (Sarstedt, Germany), polypropylene centrifuge 

tubes (Sarstedt or Isolab, Germany), centrifuge tubes (Sarstedt, Germany) and 

BrightLine hemacytometer (Marienfeld, Germany) have been purchased from 

different companies.  

All chemicals were either cell culture grade or sterilized. In cell culture experiments 

DMEM medium with low glucose, with L-Glutamine, Na-pyruvate and 25mM HEPES 

(Biowest, France), PBS without Mg+2 and Ca+2 (Biological Industries, Israel), heat-

inactivated fetal bovine serum (FBS) (Biowest, France), Trypsin-EDTA 10X (Biowest, 

France), Penicillin-Streptomycin solution (Biological Industries, Israel), dimethyl 

sulfoxide (DMSO) (Applichem, Germany), and 5% Trypan blue solution (Biological 

Industries, Israel), formaldehyde solution 37%, stabilized (Sigma-Aldrich, USA) were 

used.  
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In cytotoxicity and flow cytometry experiments, commercially available Cell 

Proliferation kit XTT Based (Biological Industries, Israel), Flow Cytometer Fluid Kit 

(BD Biosciences, USA), Annexin V-FITC Apoptosis Detection Kit (Abcam, UK), and 

Mitochondria Membrane Potential Kit (JC-10 assay) (Sigma-Aldrich, USA) were 

used. 

 

HepG2 cell line is a hepatocellular carcinoma cell line which was obtained from a 15 

year-old Caucasian male purchased from ATCC (American Type Culture Collection).   

 

 

2.2 Methods 

 

2.2.1 Preparation of Nanoparticles 

 

Nanoparticles (NPs) used in this study were prepared at Department of Chemistry 

(METU) under the supervision of Prof.Dr. Mürvet Volkan (Akpinar, 2017). Iron oxide 

nanoparticles (IONP), Fe3O4, were synthesized by coprecipitation method (Lin et.al., 

2010) and covered with a heparin layer through ionic interaction. Using the advantage 

of the negative charge of heparin, TPP-DCA which was positively charged was 

embedded in this heparin layer and an additional layer conjugation was performed via 

an ionic interaction. Finally, NPs were conjugated with 2-Deoxy-D-Glucose by 

EDC/NHS coupling reaction (Xiong et al., 2012). 
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                    A. 

 

                    B. 

 

                    C. 

 

Figure 2.1 Preparation of heparin coated iron oxide nanoparticles conjugated with 

TPP-DCA. A) Heparin coating, B) TPP-DCA conjugation, C) Additional heparin 

coating (Akpinar, 2017). 
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2.2.2 Cell Culture  

 

2.2.2.1 Cell Culture Conditions and Medium 

 

Human hepatocellular carcinoma cell line, HepG2, was grown in Dulbecco's Modified 

Eagle's medium (DMEM) low glucose with L-Glutamine, sodium pyruvate, and 25 

mM HEPES (Cat.No: L0065, Biowest) which was supplemented with 10% fetal 

bovine serum (FBS) and 1% Pen-Strep solution that were kept at -20°C freezer (Uğur, 

Turkey) for long time storage, +4°C refrigerator (Arçelik, Turkey) for short term 

storage. Old medium was changed with fresh one every 2 days and cells were 

maintained at 37°C atmosphere with 5% CO₂ incubator with water jacket (Series 8000 

WJ Thermo-Scientific, USA). All cell culture experiments were performed in Laminar 

flow cabinet (MN 090, NUVE, Turkey). 

 

2.2.2.2 Treatments 

 

Nanoparticles were first washed with complete medium twice in order to get rid of 

undesired contaminants. During the washing process, paramagnetic NPs were 

suspended in 5 mL of complete medium in falcon tubes and kept near a strong magnet 

to pull all the NPs towards the magnet whereas other contaminants in the falcon tubes 

were discarded. After washing, nanoparticles were suspended in complete medium 

containing 0.1% DMSO and dilutions (50-750 µg/mL) were carried out for further 

experiments. For each experiment, fresh NP stocks were prepared. 
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2.2.2.3 Cell Seeding 

 

Cryofrosted cells were first kept in a water bath (WiseBath Water Bath, Wisd 

Laboratory Instruments-Verkon, Czech Republic) at 37°C for 1-2 minutes until they 

were semi-melted. Then dissolved cells were mixed with 5-6 mL of complete medium 

in a 15 mL falcon tube, and cells were centrifuged at 1000 rpm for 5 minutes at room 

temperature (Eppendorf Centrifuge 5810 R, Eppendorf, Germany) to get rid of DMSO 

present in freezing medium. Supernatant was removed and pellet containing cells were 

dissolved in 10 mL of complete medium. Then cells were seeded into a T-75 flask and 

were placed into the CO2 incubator at 37°C and 5% CO2 conditions. 

 

2.2.2.4 Cell Growth and Passaging 

 

After one-day incubation following cell seeding, old medium was discarded and cells 

were washed with 5 mL of PBS before 10 mL of pre-warmed fresh complete medium 

was added into the flask and were placed at CO2 incubator for further incubation until 

cells reached to sufficient confluency that is around 80%.  

 

When cells reached an 80-85% confluency, medium was removed and cells were 

washed with 5 mL of PBS without Mg+2 and Ca+2. After washing step, 2 mL of 1X 

Trypsin/EDTA solution was added into the flask for cell detachment and were 

incubated at 37°C and 5% CO2 for 3-5 minutes. Following incubation, 6 mL of fresh 

complete medium was added into the flask to neutralize the effect of trypsin and mixed 

well by pipetting gently. Final volume of 8 mL cell suspension was separated into two 

new flasks. Then the volume in the flasks was completed to 10 mL by adding 6 mL of 

fresh complete medium and the cell suspensions in each flask were mixed with 

pipetting. After this passaging process, cells were replaced into the incubator and 

maintained at 37°C and 5% CO2 for further incubation. 
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2.2.2.5 Cell Freezing 

 

Cells were harvested according to the procedure given previously in section 2.2.2.4. 

Eight milliliters of cell suspension (2 mL trypsin + 6 mL complete medium) in the 

flask was mixed well by pipetting and was transferred into a 15 mL falcon tube and 

further centrifuged at 1000 rpm for 5 minutes. Later, supernatant was discarded, 

remaining pellet was resuspended in 1 mL of freshly prepared cold freezing medium 

containing 90% FBS and 10% DMSO and this suspension was transferred into a 

cryovial immediately. Cryovials were first placed into Mr. Frosty™ Freezing 

Container (Sigma-Aldrich, USA) and placed into a -80°C freezer (Sanyo -86°C ULT 

Freezer, Japan) for one day. Later, all cryovials were transferred into a liquid nitrogen 

tank for long term storage. 

 

2.2.2.6 Cell Counting 

 

Viable cells were counted with a hemocytometer by staining the cell suspension with 

Trypan Blue. After harvesting the HepG2 cells, pellet obtained from centrifugation 

step was resuspended in medium and 1 volume (50 µL) of cell suspension solution 

was mixed well with 1 volume (50 µL) of 0.25% Trypan Blue Solution to analyze cell 

viability. Then, 10 µL of this final cell suspension containing trypan blue-treated cells 

were applied onto the chambers of the hemocytometer which was covered with a 

coverslip allowing the suspension to diffuse through capillary action. Viable cells were 

easily distinguished under a light microscope (BH-2 Research Microscope, Olympus, 

Japan) with a 10X objective since trypan blue cannot penetrate into alive cells through 

their cell membranes, whereas dead cells establish blue color due to staining as shown 

in Figure 2.2. 
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Each chamber of the hematocytometer was with the volume of 0.0001 mm2, thus the 

calculations were done by taking average cell count of the chambers and multiplying 

with 104. The formula is given below; 

 

Total Cell Number/mL= (Average Cell Count of Two Chambers x DF x 104)  

 

DF = Dilution Factor 

104 = Factor that is calculated from the dimension of hematocytometer 

 

Equation 2.1 Formula of total cell count 

 

 

A 

 

 

  

 

 

 

 

  

B                                                                                                   C 

 

Figure 2.2 (A) Hemocytometer chamber, (B,C) Counting technique. 
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2.2.3 Cytotoxicity Assays  

 

2.2.3.1 XTT Cell Proliferation Assay 

 

2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-Tetrazolium-5-Carboxanilide (XTT) 

cell proliferation kit was used to evaluate cytotoxicity of NPs on HepG2 cells 

according to the manufacturer’s instructions with slight modifications. The logic 

behind this assay relies on the metabolism of the yellow tetrazolium salt XTT that is 

reduced to orange colored formazan compounds which are water-soluble by the 

activity of mitochondrial dehydrogenase enzymes of the metabolically active cells 

(Koban et.al., 2012) as shown in Figure 2.3. The water-solubility of this formazan 

products allow them to be observed and quantified by using an ELISA reader 

(Multiskan™ GO- Thermo Scientific, USA). 

 

 

Figure 2.3 Formation of XTT tetrazolium to XTT formazan product 

 

Cells which were grown in T-75 flasks until 80% confluency were harvested and a cell 

suspension at a concentration of 100.000 cells/mL was prepared. The cells were then 

transferred onto 96 well plates as 10.000 cells per well (100 µL/well) for XTT assay 

and kept 24 hr for cells to attach.  
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After incubation, medium was discarded from wells and cells were washed with 50 µL 

PBS and 100 µL of medium containing serial dilutions of NPs (50-750 µg/mL) were 

added onto the wells. After a 24 hour of incubation, as additional steps to the 

manufacturer’s procedure, a magnet was kept at the top of the 96-well plate for 30 

seconds in order to remove NPs that reside in the medium as they failed to enter into 

the cells (magnetic wash) by taking advantage of their paramagnetic ability of the NPs. 

Then the medium in the wells containing remaining NPs were discarded and wells 

were washed with 50 µl of PBS twice in order to get rid of all black-colored NPs, 

except the ones which had entered into the cells, since they interfere with the 

absorbance readings of XTT reagent. Immediately after, 100 µl of fresh growth 

medium was added onto each well to avoid drying out the cells. Afterwards, frozen 

XTT compound was melted in a water bath warmed to 37°C until a clear solution was 

obtained. Immediately prior to use, 5 mL of XTT reagent was mixed with 0.1 ml of 

activation solution for one 96-well plate and 50 µL of reaction solution was added onto 

each well containing treated cells and blank wells and the plate was incubated for 

further 6 hours in an incubator adjusted to 37°C, 5% CO2 which was a dark 

environment required for the assay. After 6 hr incubation, absorbance values of each 

well were measured at 450 nm which is the wavelength that gives maximum 

absorbance for the formed product, with a reference wavelength at 630 nm which was 

used to measure non-specific readings by the microplate reader. Later, readings at 630 

nm were subtracted from the readings obtained at 450 nm to eliminate non-specific 

readings. Cell viability percentages were calculated by subtracting absorbance values 

of blanks wells without cells from that of wells containing cells and diving results with 

that of control wells. The formula of cell viability percentages is given below: 

 

 

Equation 2.2 The formula for % Cell Viability. 
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Triplicates for wells containing cells and duplicates for blank wells without cells were 

prepared for each condition as shown in Figure 2.4. The percentage of cell viability in 

the control group was considered as 100%. The concentration that is required to inhibit 

50% of cell growth which is also known as inhibitory concentration to kill 50% of the 

population, IC50, was determined from cytotoxicity curves.  

 

 

Figure 2.4 Representative template of 96-well plate showing the treatment pattern. 

DC: DMSO Control 

 

 

2.2.3.2 Trypan Blue Exclusion Method 

 

Two hundred and fifty thousand cells were seeded per well in 6 well plates and 

incubated in a CO₂ incubator at 37°C for 24 hours. After incubation, the medium in 

the wells was discarded and the cells were washed with 1 ml of PBS. Then, the cells 

were treated with serial dilutions of 2-DG-HEP-TPP-DCA-HEP coated IONPs for 24 

hours at 37°C, 5% CO₂ .  

 

 

22 



 

At the end of 24 hr, the medium was removed and cells were washed well with PBS. 

0.5 ml of 1X Trypsin/EDTA was added onto each well for cell detachment and the 

plate was incubated for 3-5 minutes to allow the enzyme to act on cells. Following 

incubation, activity of trypsin was neutralized by adding 1 mL of fresh complete 

medium and cells in the wells were collected into Eppendorf tubes.  As given in section 

2.2.1.6, 1 volume of cell suspension (50 μL) and 1 volume of 0.25% trypan blue (50 

μL) were mixed well by pipetting and percentages of cell viability for each condition 

were calculated according to the control wells in which cell viability considered as 

100%. 

 

2.2.4 Visualization of Cells Treated with Nanoparticles 

 

Cells treated with NPs as given in section 2.2.3.2 were visualized by taking images 

under Olympus CKX41 Inverted Microscope (Olympus, Japan) with camera 

attachment (Olympus, Japan). Images were taken for the following conditions: 

 before and after 24 hr treatment with 2-DG-HEP-TPP-DCA-HEP coated IONPs,  

 immediately after treatment and after 24 hr treatment with 2-DG-HEP-TPP-DCA-

HEP coated IONPs,  

 with and without magnetic wash of 24 hr-treated cells with 2-DG-HEP-TPP-DCA-

HEP coated IONPs, 

 after 24 hr treatment with different NPs during the optimization studies (Naked 

NPs, 2-DG-TPP-DCA-HEP coated IONPs (1-layer Heparin with 2-D-Glucose), 2-

DG-HEP-TPP-DCA-HEP coated IONPs (2-layer with 2-D-Glucose) HEP-TPP-

DCA-HEP coated IONPs (2-layer Heparin without 2-D-Glucose)). 

 

2.2.5 Determination of Cellular Uptake of Nanoparticles 

 

Cellular uptake of NPs was determined by using flow cytometry (BD C6+ Accuri Flow 

Cytometer, BD BioSciences, USA) according to the method developed by Suzuki et 

al. (Suzuki et.al., 2007).  
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The principle of this assay is based on the differences in the intensity of the scattered 

light in flow cytometry. The forward scattered (FSC) light represents cell size while 

side-scattered (SSC) light represents complexity/granularity of the cell. Thus, while 

FSC light remain constant during uptake of non-fluorescent nanoparticles, SSC light 

increases as the concentration of nanoparticles increase inside of the cells as 

represented in Figure 2.5.  

 

 

Figure 2.5 Representation of increase in cell granularity in response to cellular uptake 

of the cell. While cell size remains constant, granularity/complexity of the cell 

increases with the exposure of NPs. 

 

 

For the assay, 105 cells/well were seeded in 6-well plates. After 24 hr for cell 

attachment, cells were treated with varying concentrations of different NPs (Naked, 1-

layer Heparin with 2-D-Glucose, 2-layer Heparin with 2-D-Glucose, 2-layer Heparin 

without 2-D-Glucose) for further 24 hours. The medium containing excess NPs were 

removed and cells were washed at least three times with PBS. Then, cells which were 

harvested according to the section 2.2.3.2., were collected into Eppendorf tubes and 

centrifuged at 1000 rpm for 5 minutes, and supernatant was discarded. Remaining 

pellet was washed to get rid of excess NPs failed to enter into the cells by re-

suspending in 1 ml of PBS and, re-centrifuged at 1000 rpm for 5 minutes and 

supernatant was again discarded. Tubes containing cell pellets were put onto ice, and 

500 μL of 4% formaldehyde was added dropwise carefully while cells were vortexed 

very slowly (LP Vortex Mixer, Thermo Scientific, USA).  
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After cells were incubated for about 15 minutes at 4 °C fridge, they were centrifuged 

at 1000 rpm at 4 °C for 5 minutes and supernatant was discarded. Remaining pellet 

was resuspended in 1 mL of cold PBS and the cellular uptake of NPs was determined 

by flow cytometer equipped with a 488 nm laser using FSC vs SSC channels. 

 

 

2.2.6 Annexin V-FITC Apoptosis Assay 

 

Annexin V-FITC Apoptosis Detection Kit (Abcam) was used to investigate the 

apoptotic effects of 2-DG-HEP-TPP-DCA-HEP coated IONPs on HepG2 cell line 

according to the procedure described by the manufacturer. The principal of the assay 

is based on the disposition of phosphatidylserine (PS) found on the lipid membrane 

during apoptotic process. PS resides inner face of the plasma membrane in healthy 

cells (Fadok et.al, 1992; van Engeland et.al., 1998). After initiation of apoptosis, cells 

translocate their PS to the cell surface which then binds its ligand, Annexin V, that is 

conjugated with a green fluorescent dye, FITC in this kit. Also, Propium Iodide (PI) 

that is offered by the kit stains dead cells by penetrating into the cell through disrupted 

plasma membrane.  

 

Three hundred thousand cells/well were seeded and grown in a 6-well cell culture plate. 

They were treated with varying concentrations of 2-DG-HEP-TPP-DCA-HEP coated 

IONPs for 24 hours and harvested according to the procedure given in section 2.2.4. 

Cells collected into Eppendorf tubes were centrifuged at 1000 rpm for 5 minutes. After 

the removal of the supernatant, cells were re-suspended in 500μL Binding Buffer 

containing loads of Ca+2 ions instead of PBS without Ca+2, since binding of PS with 

Annexin V is Ca+2 dependent. Then, 5 μL of Annexin V-FITC and 5 μL of PI offered 

by the kit were added onto the tubes and cells were incubated at room temperature for 

5 minutes followed by the incubation on ice to avoid quenching of the dyes. Annexin 

V-FITC binding which implies initiation of apoptotic process was analyzed by flow 

cytometry using FL-1 vs. FL-2 channels.  
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2.2.7 JC-10 Mitochondrial Membrane Potential Assay 

 

Mitochondrial Membrane Potential Kit, JC-10 based (Sigma-Aldrich) was used in 

order to investigate the change of mitochondrial membrane potential in response to NP 

treatment according to the procedure given by the manufacturer. The principle of this 

assay is based on a mechanism similar to JC-1 that JC-10 which selectively enters into 

the mitochondria and changes its color, which was observed as green in the cytosol to 

orange in response to accumulation in mitochondria as the membrane potential 

increases (Perry et.al., 2011; Chen et.al.2014). In healthy cells, JC-10 is observed as a 

monomer in the cytosol that is observed as green, and also exists as aggregates in the 

mitochondria that is stained red. On the other hand, in dead cells or in the cells 

undergoing apoptosis, only monomeric form of JC-10 (green) can be observed. 

  

Three hundred thousand cells/well were seeded and grown in a 6-well cell culture 

plate. They were treated with 2-DG-HEP-TPP-DCA-HEP coated IONPs for 24 hours 

and harvested according to the procedure given in the section 2.2.5. Cells treated with 

8.7 μM of Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was used as positive 

control. Cells collected into Eppendorf tubes were centrifuged at 1000 rpm for 5 

minutes. After supernatant was discarded, pellet was washed with complete medium 

once. Cells, then, were re-suspended in 500 μL of JC-10 Dye Loading solution (10 μL 

200X JC-10 was mixed with 5 mL of Assay Buffer offered by the kit) that was 

prepared right before the experiment according to the procedure given by the 

manufacturer with slight modifications since the assay resulted in very strong signals. 

Cells were incubated at room temperature at dark for 30 minutes. For the negative 

control, DMSO (DC) incubation time was decreased to 20 minutes, as healthy cells 

showed a very strong signal that flow cytometry could not read and population was 

recorded as out of range. 

Later, cells were centrifuged at 1000 rpm for 5 minutes and after the supernatant was 

removed, they were resuspended in 1 mL of Assay Buffer offered by the kit. Then, 

mitochondrial membrane potential was analyzed by flow cytometry by using FL-1 and 

FL-2 channels. 
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CHAPTER 3 

 

RESULTS AND DISCUSSION 

 

 

3.1 Preparation and Optimization of Nanoparticles 

 

Iron oxide nanoparticles, referred as naked nanoparticles in this study, were prepared 

by using co precipitation method (Lin, 2011) in Prof.Dr.Mürvet Volkan’s laboratory 

(Akpinar, 2017). Transmission Electron Microscopy (TEM) and X-Ray Diffraction 

(XRD) measurements were used for the characterization of the nanoparticles (Figure 

3.1A) and further optimization studies were carried out in our laboratory.  

 

  

Figure 3.1   TEM image and size distribution of A) Iron oxide nanoparticles (Naked 

nanoparticles), B) heparin coated iron oxide nanoparticles, C) 2-DG-HEP-TPP-DCA-

HEP coated IONPs or 2-L-H TPP-DCA 2-DG NPs. 
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According to the results obtained from XTT cell viability assay, Trypan blue exclusion 

method, and cellular uptake assay, iron oxide nanoparticles were first coated with a 

heparin layer via ionic interaction between negatively charged heparin molecules and 

positively charged surface of iron oxide nanoparticles and these nanoparticles were 

referred as heparin-coated nanoparticles having one or two layers (Figure 3.1B). After 

coating the nanoparticles with one layer of heparin, 110 µg/mL of TPP-DCA per 

1mg/mL of Fe3O4 was embedded into this heparin coated nanoparticles (1-L-H NPs) 

via ionic interaction and nanoparticles were further covered with an additional layer 

of heparin (2-L-H NPs) in order to increase the solubility of the nanoparticles and to 

prevent the potential agglomeration due to magnetic nature of iron oxide nanoparticles. 

2-D-Glucose (2-DG) was then attached to the surface of the outer heparin layer for 

targeting purposes and concentration of 2-DG was calculated as 4.86x10-6 M per 1 

mg/mL of Fe3O4 (Figure 3.1C). 

 

 

3.2 Cell Culture 

 

3.2.1 Cytotoxicity Assays 

 

3.2.1.1 XTT Cell Proliferation Assay 

 

The intake and cytotoxicity of nanoparticles in HepG2 cells were determined by 

colorimetric XTT-based cell proliferation assay. In this assay, cells in 96-well plates 

were treated with various concentrations (50-750 µg/mL) of differently prepared 

nanoparticles for 24 hours. After 24hr incubation, plates were measured at 450 and 

630 nm by an ELISA plate reader and readings at 630 nm were subtracted from 

readings at 450 nm to eliminate non-specific readings.  
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The viability of cells was represented by cell viability percentages as means ± SEM. 

Cell viability of negative control was shown as 100% and effects of all concentrations 

were determined with respect to negative control. All calculations were done by using 

GraphPad Prism 7.04. 

 

XTT assay was performed for differently prepared nanoparticles at various 

concentrations to observe the effects of molecules used in the preparation of 

nanoparticles for optimization. At first, the cytotoxicity of only DCA conjugated with 

sodium salt (Na-DCA) and TPP conjugated with DCA (TPP-DCA) was determined 

and the results obtained was as expected according to the literature (Pathak, 2014). 

Even the highest concentration of Na-DCA (in 1000 µg/mL of Fe3O4) did not show 

any significant effect on cell viability (Figure 3.2) since its cellular uptake is 

considerably low as mentioned in the literature. Although the result was not 

statistically significant (p > 0.05) when these two groups were compared, TPP- DCA 

showed a slight decrease in cell viability compared to Na-DCA. 
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Figure 3.2 The effects of Na-DCA and TPP-DCA on HepG2 cell growth by using 

XTT assay. The viability of cells was represented as cell viability percentages, means 

± SEM. 
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Further optimization of nanoparticles by using cell viability was performed for: 

A) naked nanoparticles (Fe3O4 only),  

B) one-layer heparin coated nanoparticles with TPP-DCA with 2-D-Glucose (2-DG-TPP-

DCA-HEP coated IONPs, or simply 1-L-H TPP-DCA 2-DG NPs),  

C) two-layer heparin coated nanoparticles with TPP-DCA with 2-D-Glucose (2-DG-

HEP-TPP-DCA-HEP coated IONPs, or simply 2-L-H TPP-DCA 2-DG NPs) 

D) two-layer heparin coated nanoparticles without TPP-DCA with 2-D-Glucose (2-DG-

HEP-HEP coated IONPs, or simply 2-L-H 2-DG NPs) 

 

Preliminary results obtained from XTT Assay (Figure 3.3) were not as expected since 

the color of the nanoparticles were black and the assay was colorimetric, they most 

probably interfered with the readings taken by ELISA plate reader. Also, as treatment 

time increased, nanoparticles aggregated because of their magnetic nature. Therefore, 

as additional steps to the procedure, we first placed a magnet onto the lid of the plates 

for 30 seconds, which we called magnetic wash and washed the wells with 50 µl of 

PBS twice. Then, we add 100 µl of complete medium right before 50 µl XTT reaction 

mixture and procedure were performed according to manufacturer’s instructions.  
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Figure 3.3 XTT Assay results without magnetic wash 
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According to the results, the effect of naked nanoparticles on cell viability by itself 

was lower (p > 0.05) compared to other coated nanoparticle groups (Figure 3.4, 3.5, 

and 3.6). Extra heparin layer caused more reduction in cell viability compared to one-

layer heparin coating. Moreover, when the results of group C and D were compared 

(Fig. 3.5 and Fig.3.6), it was seen that the effect of drug of interest, TPP-DCA, on the 

reduction of cell viability was statistically significant which might indicate that the 

engineered nanoparticle successfully delivered the TPP-DCA. 

 

 

Figure 3.4 XTT Assay results of naked nanoparticles. The viability of cells was 

represented by cell viability percentages as means ± SEM. (p > 0.05) 
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Figure 3.5 XTT Assay results of cells treated with various concentrations of two-layer 

heparin coated, 2-D Glucose conjugated iron oxide nanoparticles without TPP-DCA 

for 24 hours. The viability of cells was represented by cell viability percentages as 

means ± SEM. (p > 0.05) 

 

After these optimization studies, we decided to use 2-D-Glucose attached two-layer 

heparin coated TPP-DCA conjugated iron oxide nanoparticles (2-DG-HEP-TPP-

DCA-HEP coated IONPs, or 2-L-H TPP-DCA 2-DG NPs).  

 

According to XTT results, cell viability percentages of HepG2 cell line were reduced 

after 24-hour nanoparticle treatment in a dose-dependent manner compared to our 

DMSO control (p < 0.001), since nanoparticle dilutions were prepared in complete 

medium containing 0.1% DMSO (Figure 3.6).  IC50 value was calculated as 525 

µg/mL by using Equation 2 and different inhibitory concentrations were given in Table 

3.1. 
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Figure 3.6 Inhibitory effects of 2-L-H TPP-DCA 2-DG NPs on HepG2 cell growth 

calculated by using XTT Assay.  The viability of cells was represented by cell viability 

percentages as means ± SEM. (p < 0.001) 

 

Inhibitory concentrations of 2-L-H TPP-DCA 2-DG NPs for 24hr 

treatment 

IC25 (µg/mL) IC50 (µg/mL) IC75 (µg/mL) 

285 525 750 

 

Table 3.1. Inhibitory concentrations of 2-L-H TPP-DCA 2-DG NPs on HepG2 cell 

growth.  
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According to the literature, IC50 values for Na-DCA were determined as 41±9 mM, 

and 51±17 mM for DU145, and LNCaP cells, respectively, whereas these values for 

TPP-DCA were as 468±49 µM, and 302±37 µM (Pathak, 2014), thus, IC50 value of 

Na-DCA alone was 87-fold and 168-fold higher respectively than TPP-DCA. 

Similarly, according to our results Na-DCA showed almost no effect on HepG2 cells 

even at high concentrations. IC50 value of 2-D-Glucose attached two-layer heparin 

coated TPP-DCA conjugated nanoparticles for HepG2 cell line was calculated as 525 

µg/mL which contained 55 µg/mL TPP-DCA corresponding to 127.6 µM. 

Conjugation of TPP-DCA to the prepared nanoparticle was observed to be more 

effective to inhibit HepG2 cell growth than TPP-DCA alone. 

 

3.2.1.2 Trypan Blue Exclusion Method 

 

The effects of the intake of nanoparticles were also studied by trypan blue exclusion 

method in parallel to XTT cell viability assay. In this assay, cells in 6-well plates were 

treated with nanoparticles at concentrations of 250 and 500 µg/mL for 24 hours. After 

the incubation, cells were subjected to magnetic washing for 30 seconds as in the XTT 

assay and they were counted. Cell viability of negative control is given as 100% and 

the effects of all concentrations are determined with respect to negative control.  

 

According to our results, 2-DG attached two-layer heparin coated TPP-DCA 

conjugated iron oxide nanoparticles were found to be the most effective NPs in terms 

of inhibiting the cell proliferation, while neither Na-DCA nor naked nanoparticles 

showed no significant effects as expected (Figure 3.7). Though this method by itself 

is not reliable enough due to low accuracy, in order to validate the XTT results cell 

counts were used and the results seem to be well correlated with XTT results.  

Furthermore, in order to see whether TPP-DCA is really effective in reducing the cell 

viability, we treated the cells with two-layer heparin coated nanoparticles with or  

without TPP-DCA between the concentrations of 250-1000 µg/mL (Figure 3.8). 
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As seen from the Figure nanoparticles containing TPP-DCA caused more reduction in 

cell number compared to the ones without TPP-DCA. 

 

 

 

Figure 3.7 Cell counts after 24hr treatment with 5 different samples at concentrations 

of 250 and 500 µg/mL. 1-L-Heparin refers to 1-layer heparin coated TPP-DCA 

conjugated 2-DG attached NPs, while 2-L-Heparin represents 2-layer heparin coated 

TPP-DCA conjugated 2-DG attached NPs.  
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Figure 3.8 Comparison of cell viability treated with two-layer heparin coated 

nanoparticles with or without TPP-DCA at three different concentrations namely 250, 

500, and 1000 µg/mL.  

 

3.2.2 Visualization of Cells by Light Microscopy 

 

Cells treated with nanoparticles were visualized under Olympus CKX41 Inverted 

microscope using attached camera (Figure 3.9). As seen in Figure 3.9, addition of an 

extra heparin layer increased the solubility of the nanoparticles. In cells treated with 

one-layer heparin NPs, nanoparticles were seemed to be more aggregated compared 

to two-layer heparin NPs. Also, in Figure 3.10 microscope images showed that, NPs 

without heparin coating were more likely to agglomerate than heparin coated NPs. The 

effect of magnetic wash is given in Figure 3.11. As nanoparticles are black-colored 

and they tend to aggregate, as the treatment time increased, they formed black-colored 

complexes even bigger than the cell itself and they stick to the surface of wells which 

makes the removal of excessive materials quite hard. Thus, in addition to PBS 

washing, we also performed a magnetic wash step by using the magnetic properties of 

the nanoparticles which helped to get rid of the waste materials.  
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Presence of excess NPs which formed black-colored aggregates interfered with 

colorimetric XTT assay also, in which an increase in red color intensity was observed. 

Therefore, with this extra magnetic wash step, we also eliminated any misleading 

results coming from the color interference. 
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Figure 3.9 Comparison of microscope images of cells treated with one-layer heparin 

NPs and two-layer heparin NPs 
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Figure 3.10 Comparison of microscope images of cells treated with naked NPs and 

two-layer heparin coated TPP-DCA conjugated 2-DG attached NPs. 
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Figure 3.11 Comparison of microscope images of cells treated with two-layer heparin 

coated TPP-DCA conjugated 2-DG attached NPs with or without magnetic wash. 

 

Moreover, 4 different nanoparticle products were ultra-sonicated (Ultrasonic Cleaner, 

Alex Machine, Malaysia) for 5 minutes and were kept at room temperature for 15 

minutes. As can be seen Figure 3.12, naked nanoparticles were precipitated after 15 

minutes whereas heparin-coated nanoparticles were not. 
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Naked nanoparticles tend to agglomerate by causing the formation of big and 

nonfunctional molecules, which prevent the cellular uptake. Also, after 24 hr 

incubation of cells with these nanoparticles, the agglomeration phenomena we 

mentioned about was observable even with naked eyes (Figure 3.13). More 

agglomeration was observed in wells containing naked nanoparticles compared to 

other nanoparticle products containing heparin coating. These results may imply that 

heparin coating help to increase the solubility of nanoparticles. 

(A) 

 

(B) 

 

Figure 3.12 Images of 4 different nanoparticle products (A) Immediately after ultra-

sonication, (B) 15 minutes after ultra-sonication. 
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Figure 3.13 Images of wells containing 4 different nanoparticle products after 24-hour 

treatment before washing. 

 

3.2.3 Determination of Cellular Uptake of Nanoparticles 

 

Cellular uptake of nanoparticles was evaluated in the hepatocellular carcinoma cell 

line, HepG2, using a flow cytometry. The principle of this assay is based on the 

differences in the intensity of the scattered light in flow cytometry.  
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The forward scattered (FSC) light represents cell size while side-scattered (SSC) light 

represents complexity/granularity of the cell (Suzuki, 2007). The results were shown 

in Figure 3.14. When results obtained from different nanoparticle treatments were 

compared, it can be clearly seen that naked nanoparticles had the lowest uptake rate 

which is 6.4%, 12.1%, and 21.7% for concentrations of 50, 285, and 525 µg/mL, 

respectively compared to other groups. For the same concentrations, cellular uptakes 

of one-layer heparin coated TPP-DCA conjugated 2-DG attached nanoparticles were 

8.6%, 20.3%, and 37.9%, respectively. Also, two-layer heparin coated TPP-DCA 

conjugated 2-DG attached nanoparticles showed an uptake rate for the same 

concentrations; 28.6%, 46.2%, and 70.8%. It can be said that as heparin coating 

increased, cellular uptake of nanoparticles also increased in a dose dependent manner. 

Moreover, in order to see the effect of 2-D-Glucose on uptake process, we compared 

cells treated with two-layer heparin coated TPP-DCA conjugated 2-DG attached 

nanoparticles and those without 2-DG. Nanoparticles without 2-DG showed an uptake 

rate of 6.5%, 14.8%, and 43.6%, for concentrations of 50, 285, and 525 µg/mL 

respectively. Presence of 2-DG increased uptake about 27.2% at concentration of 525 

µg/mL. Also, flow cytometry histograms showing SSC count for different 

concentrations were shown in Figure 3.15. SSC count for DMSO control (black) was 

953.569, while for 285 µg/mL (IC25) (green) it was 2.460.206 and for 525 µg/mL, 

which is the IC50 value (red), it was 3.772.28, showing that, the uptake of our final 

nanoparticle product into HepG2 cells increased in a dose dependent manner. Hence, 

according to the results, heparin coating not only helped to increase solubility of 

nanoparticles, but also it improved their cellular uptake. Also, addition of 2-DG 

increased the uptake significantly. 
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       B 

   

      

     

 

   

 

Figure 3.14 Uptake of different nanoparticle products by HepG2 cell line. Real images 

after treatments with different concentration of NPs (50, 285 and 500 µg/mL) are 

shown for 24 h and given in the flow cytometry histograms. Cells treated with A) 

DMSO Control, B) Naked NPs and 1-L-H NPs w/ 2-DG w/TPP-DCA. 
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Figure 3.14 (cont’) Uptake of different nanoparticle products by HepG2 cell line. Real 

images after treatments with different concentration of NPs (50, 285 and 500 µg/mL) 

are shown for 24 h and given in the flow cytometry histograms. Cells treated with C) 

2-L-H NPs w/o 2-DG w/TPP-DCA and 2-L-H NPs w/ 2-DG w/TPP-DCA. 
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Figure 3.15 (A-E) Separate flow cytometry histograms for cellular uptake of two-layer 

heparin coated TPP-DCA conjugated 2-DG attached nanoparticles at concentrations 

of 50, 285, 500, and 750 µg/mL. (F) Combined histograms at concentrations of 0 (DC), 

285, and 525 µg/mL. 
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3.2.4 Annexin V-FITC Apoptosis Assay 

 

Apoptosis rate was determined by using Annexin V-FITC/PI assay in order to evaluate 

apoptotic effects of 2-DG-HEP-TPP-DCA-HEP coated IONPs on HepG2 cells upon 

exposure for 24 hours at concentrations IC25 (285 g/mL) and IC50 (525 g/mL). 

Also, DMSO control (DC) was used as negative control and 50 M etoposide was used 

as positive control. Flow cytometry analysis of HepG2 cells performed by using FITC 

conjugated Annexin-V that is a ligand of phosphatidylserine reside in the plasma 

membrane and propium iodide that penetrates disrupted membrane and dyes dead 

cells. Therefore, cells undergoing apoptosis are observed in FITC+ green channel (FL1 

channel, A2) in flow cytometry. As the lipid membrane is disrupted, PI that is offered 

by the kit stains dead cells by penetrating into the cell through disrupted plasma 

membrane, thus those cells are observed in PI+ and FITC+ channel (overlap region of 

FL1 and FL3, A4). The results of this assay are given in Figure 3.16. Most of the cells 

used for negative control (DC) was in A1 that meant these cells were not stained with 

any stain (FITC and PI). This result can be explained by that since there was a small 

amount of apoptotic events as expected, PS reside inner surface of the lipid membrane 

unlike in apoptotic process, so Annexin-V conjugated with FITC could not bind to it. 

Also, since plasma membrane were not broken, PI could not penetrate into the plasma 

membrane, thus cells remained unstained. Therefore, it can be said that unstained cells 

which was in A1 were thought to be healthy. Cells treated with our final nanoparticle 

product (2-DG-HEP-TPP-DCA-HEP coated IONPs) at 285 g/mL (IC25) started to 

shift towards A2 and A4. Events in A2 shows early-apoptotic cells that translocated 

their PS to the outside, but their membrane was not destroyed yet. 33.7% of events 

were in A2 that showed early-apoptotic events, while 1.3% of the events were late 

apoptotic. When HepG2 cells were treated with nanoparticles (2-DG-HEP-TPP-DCA-

HEP coated IONPs) at 525 g/mL that is IC50 concentration determined in our study 

for these cells, the total apoptotic events were 69.8% of all population. 
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Treatment with IC50 concentration caused more apoptotic events compared to 

negative control. Also, HepG2 cells treated with 50 M etoposide for 16 hours which 

was used as positive control since it is given as IC50 concentration in the literature 

(Sermeus, 2013), showed 72.6% apoptotic events that 69.8% of the events were in A2 

which showed early-apoptotic events and the rest 2.8% were in A4 that showed late-

apoptotic ones. 

 

 

 

Figure 3.16 The histograms of the apoptotic effects of 2-DG-HEP-TPP-DCA-HEP 

coated IONPs at concentrations of 285 μg/mL and 525 μg/mL on HepG2 cells. Bar 

graphs show percent apoptotic cells. DMSO control (DC) was used as negative control 

and 16 hr 50 μM etoposide exposure was used as positive control. Four subpopulations 

and their percent distributions in different areas: Area A1 shows viable cells while A3 

represents dead cells (necrotic). A2 and A4 correspond to early and late apoptotic 

events, respectively. 

 

 

3.2.5 Detection of Mitochondrial Membrane Potential  

 

The changes observed in mitochondrial membrane potential of HepG2 cells in 

response to NP treatment was determined by using JC-10 Mitochondrial Membrane 

Potential Assay. In this assay, a reduction in aggregate fluorescent count which refers 

to depolarization shows green color, whereas an induction which refers to 

hyperpolarization shows red color in flow cytometry channels. 
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In healthy cells, JC-10 which is observed as monomers in the cytosol shows green 

color (Area A2), whereas in the mitochondria it exists mostly as aggregates which is 

stained as red (Area A1). On the other hand, in dead cells or in the cells undergoing 

apoptosis, only monomeric form of JC-10 (green) can be observed (Area A1).  

 

Our negative control DMSO showed a clear hyperpolarization in which 97.7% of the 

cell population exhibited JC-10 in aggregate form which was observed in red color in 

A1 region, whereas 2.2% of them was in monomeric form (Figure 3.17). Cells treated 

with 285 µg/mL of our nanoparticle product (IC25) exhibit a significant shift from A1 

to A2 and 31.4% of population showed hyperpolarization, whereas 66.6% of them 

showed depolarization. When the cells treated with 525 µg/mL of NPs (IC50), 

hyperpolarization amount decreased to 21.7%, while depolarization events constituted 

almost 77.2% of the population. Positive control, when cells treated with 8.7 µM of 

CCCP which is the IC50 value for HepG2 cells given in literature (Hsu, 2013) showed 

comparable results with our cells treated with IC50 of NPs. Positive control showed 

12.6% hyperpolarization, while 87.4% of the population was found to undergone 

mitochondrial depolarization. 
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Figure 3.17 The histograms of the mitochondrial membrane potential change in cells 

treated with 2-DG-HEP-TPP-DCA-HEP coated IONPs at concentrations of 285 

μg/mL and 525 μg/mL on HepG2 cells. DMSO control (DC) was used as negative 

control and cells treated with 8.7 μM CCCP were used as positive control. Two 

subpopulations and their percent distributions in different areas: Area A1 shows 

hyperpolarization while A2 represents depolarization in mitochondrial membrane. 
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CHAPTER 4 

 

CONCLUSION 

 

 

The use of nanotechnology in medicine and more specifically in drug delivery is 

spreading rapidly.  Pharmaceutical sciences use NPs to reduce toxicity and side effects 

of drugs but carrier systems themselves can have cytotoxic effects on tissues. It is clear 

that the interaction with tissues and cells, and the potential toxicity, greatly depends on 

the actual composition of the NP formulation. So, before using these NPs for 

biomedical applications, we must understand how tailored NPs interact with living 

systems. Therefore, we studied the cytotoxicity of the tailored nanoparticles in human 

hepatocellular carcinoma cell line, HepG2.  

In this study, in order to increase the cellular uptake of the drug, Dichloroacetate 

(DCA), iron oxide nanoparticles (Fe3O4) were first modified with heparin, DCA is 

placed inside the heparin layers and in order to use glucose channels, conjugated with 

2-deoxy-D-glucose. Triphenlyphosphonium (TPP) was also added to induce the uptake 

by mitochondria.  

We found that, heparin coating had a significant effect on solubilization of 

nanoparticles and second heparin coating increased solubility and consequently uptake 

of nanoparticles. Moreover, 2-DG conjugation to nanoparticles increased the uptake 

more than nanoparticles without 2-DG, due to overexpression of GLUT channels in 

cancer cells as expected. 

Our final product, 2-layer heparin coated TPP-DCA conjugated 2-DG attached NPs 

showed the highest uptake and cytotoxicity in a dose dependent manner and we 

calculated the IC50 value for our tailored nanoparticle as 525 µg/mL. At this 

concentration most of the HepG2 cells after 24-hour treatment underwent apoptosis. 

Furthermore, as the cells were treated with IC50 concentration of tailored nanoparticle 

product, mitochondrial membrane potential was reduced significantly in a dose 

dependent manner which indicate successful drug delivery.  
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As a result, our data suggest that nanoparticles engineered to deliver DCA, a 

chemotherapy agent, by heparin coating TPP-DCA conjugation and 2-DG attachment 

were successful to deliver the drug of interest. Heparin coating increased solubility, 

TPP conjugation to DCA increased mitochondrial uptake due to its positively charge 

and 2-DG increased cellular uptake through GLUT channels which are known to be 

overexpressed in cancer cells.  

 

For future studies, we are planning to conjugate three DCA molecules to a single TPP 

molecule instead of one in order to increase the amount of the delivered drug. Also we 

will use different cancer models and healthy cells in order to see the effect of the 

tailored nanoparticles for the selective targeting by 2-DG conjugation which we 

previously found that it increased the cellular uptake in cancer cells (Asik et.al., 2016).  
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