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ABSTRACT 

 

 

DEVELOPMENT OF DNA ORIGAMI BASED NANOCARRIERS 

 

Deoxyribonucleic acid (DNA), a biomacromolecule that contains genetic information, can 

be used as a building material to construct novel structures by taking advantage of the 

specific pairing property between its bases. This field, called DNA nanotechnology, refers 

to the preparation of variety of functional materials at nanoscale by using the structural 

properties of DNA. In this thesis, it was aimed to develop a new DNA based nanovehicle, 

DNA tile, which can be used in the treatment of cancer and similar diseases, using the 

DNA nanotechnology concept. DNA tile structure was designed to have sticky sequences 

that can be hybridized to their complementary sequences. Prepared DNA structure was 

characterized using agarose gel electrophoresis, atomic force microscopy (AFM) and 

dynamic light scattering (DLS) analyses. The complementary oligonucleotides were 

functionalized with targeting molecules including lactose, folic acid, and RGD peptide to 

allow enhanced the cellular uptake of DNA tile. The DNA tile structure synthesized by the 

DNA origami approach was used for the drug and gene delivery applications using 

different cell lines. Doxorubicin, chemotherapy drug, was loaded into the DNA tile 

efficiently. The cellular uptake of nonfunctionalized and functionalized DNA tiles with 

targeting agents was compared and it was found that targeting molecules greatly increased 

the cellular uptake of DNA tiles. The greatest uptake effect was seen with lactose 

modification. Breast cancer cell line, which expresses luciferase, was prepared and used in 

gene silencing studies. The DNA tile containing the morpholino sequence, which was 

designed for specific to mRNA of firefly luciferase to silence the luciferase expression, 

was prepared. It was found that the transferred morpholino decreased the expression level 

of luciferase indicating that DNA tile successfully delivered the morpholino into the cells. 

Lactose was found to be more effective as a targeting molecule for the delivery of studied 

therapeutics. The results obtained from in vitro studies have shown that DNA tile 

structures are suitable nano-structures for the transport of drugs and possibly other 

therapeutics. 
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ÖZET 

 

 

DNA ORİGAMİ TABANLI NANOTAŞIYICILARIN GELİŞTİRİLMESİ 

 

Genetik bilginin saklandığı biyomakromolekül olan deoksiribonükleik asit, bazları 

arasındaki spesifik eşleşme özelliğinden faydalanılarak, bir yapı malzemesi olarak yeni 

yapıların tasarlanması ve hazırlanmasında kullanılabilmektedir. DNA nanoteknoloji olarak 

isimlendirilen bu alan, DNA’nın yapısal özelliklerinin kullanılmasıyla nano ölçekte birçok 

fonksiyonel malzeme ve yapının hazırlanmasını ifade etmektedir. Bu tez çalışmasında 

DNA nanoteknoloji kullanılarak kanser ve benzeri hastalıkların tedavisinde 

kullanılabilecek yeni bir nanotaşıyıcı sistemin, DNA karo yapısının geliştirilmesi 

amaçlanmıştır. DNA karo yapıları, kendilerine eşlenik oligonükleotidlerle hibritleşebilecek 

yapışkan uç dizilimlerine sahip olacak şekilde tasarlanmıştır. Eşlenik oligonükleotidler 

seçimli moleküler hedefleme ve hücresel alıma imkan veren laktoz, folik asit ve RGD 

peptit gibi moleküller kullanılarak işlevselleştirilmiştir. Hazırlanan DNA karo yapısı 

agaroz jel elektroforezi, atomik güç mikroskopu ve dinamik ışık saçılması kullanılarak 

karakterize edilmiştir. DNA origami yaklaşımıyla sentezlenen DNA yapılarının, ilaç 

taşınması ile gen susturma uygulamalarındaki kullanımı farklı hücre hatlarının 

kullanımıyla araştırılmıştır. Kemoterapi uygulamalarında yaygın olarak kullanılan 

doksorubisin, DNA karo yapısına interkalasyon ile etkin bir şekilde yüklenmiştir. 

Hedefleme araçlarıyla işlevselleştirilmemiş ve işlevselleştirilmiş ilaç yüklü DNA karo 

yapılarının hücresel alımları kıyaslanmıştır. Hedefleme moleküllerinin DNA karo 

yapılarının hücresel alımını büyük ölçüde arttırdığı ve en büyük etkiyi laktozun sağladığı 

gözlenmiştir. Gen susturma çalışmalarında kullanılması planlanan lusiferaz eksprese eden 

hücre hattı hazırlanmıştır. Lusiferaz anlatımını susturmak için tasarlanan lusiferaz 

mRNA'sına spesifik antisens morfolino dizisi içeren DNA tile yapısı hazırlanarak, lusiferaz 

proteininin anlatımı üzerine etkisi araştırılmış ve morfolino içeren işlevselleştirilmiş DNA 

karo yapısının morfolinoyu hücre içine taşıdığı ve lusiferaz anlatımını azalttığı 

gözlenmiştir. Hedefleme molekülleri içerisinde laktozun yine gen susturmada daha etkili 

olduğu bulunmuştur. In vitro çalışmalardan elde edilen sonuçlar, DNA karo yapılarının ilaç 

vb terapötiklerin taşınması için uygun nano yapılar olduğunu ortaya koymuştur. 

 

http://tureng.com/tr/turkce-ingilizce/terap%C3%B6tik
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1. INTRODUCTION 

 

Drug delivery can be defined as the mechanism of administration of therapeutic agents to 

the body, in order to achieve a therapeutic effect in humans or other organisms. 

Consumption of plant roots and leaves were primitive drug intake patterns, which were 

approaches lacking consistency and equivalency as very basic requirements. Since the end 

of the 18
th

 century, the development of different delivery mechanisms as tablets, capsules, 

etc. has allowed the dose control of therapeutics and these mechanisms provided that the 

therapeutics can show the same effects continuously. The modern pharmaceutical industry, 

which began with the discovery of vaccines, has continued to grow with the discovery of 

penicillin and the isolation of therapeutic substances from natural sources. 

Today, advances in medicine and pharmacy have been improving the quality of human 

life. Biotechnological developments create new possibilities for the treatment of diseases. 

New drugs and drug carrier systems have been tried to be developed and these show 

opportunities for efficient therapy applications. In this sense, new materials have been 

developed as drug delivery vehicles and the nanotechnology concept tremendously 

contributes to this field. Nanomaterials are extensively used in these applications as drug 

delivery vehicles due to their extraordinary properties. Drug delivery systems comprising 

the use of different nanoparticles are shown in Figure 1.1 [1]. 

 

Figure 1.1. Drug delivery systems involving the use of nanoparticles [1] 
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For cancer treatment different nanomaterials including dendrimers, liposomes, metallic 

nanoparticles, etc. are being currently investigated for their use. Many of these studies, 

which include the nanoparticle usage with chemotherapeutics, have been revealed for the 

treatment of several cancers including melanoma, breast cancer, etc. Commercial nano-

based drug formulations that are successful in clinical trials, and approved by the FDA, are 

also available [2-9]. However, some studies have reported that nanomaterials, which are 

intensively explored for their use in therapy applications, show some biocompatibility 

problems. They can affect cellular metabolisms, induce oxidative stress conditions, and 

cause nutrient depletion due to the absorption of nutrients and proteins.  

When these adverse conditions are taken into account, biomacromolecule-based structures 

have begun to be studied as alternative structures in developing drug delivery applications. 

Especially deoxyribonucleic acid (DNA) based systems present biocompatibility, 

biodegradability, and non-toxic features and these properties make them good candidates 

for biotechnological applications. In this thesis, a DNA based drug delivery system was 

prepared and the efficiency of this system as a drug and gene delivery vehicle was 

investigated under in vitro conditions. 
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2.  THEORETICAL BACKGROUND 

 

2.1. STRUCTURE AND PROPERTIES OF DNA 

DNA is a biomacromolecule containing genetic information fundamental for vital events, 

which occur in living organisms. The information contained in DNA is stored in the 

nucleotide sequence of the structure. The building units of the DNA molecule are four 

different nucleotides, separated by the difference in the nitrogenous organic bases they 

contain. Each nucleotide consists of a five-carbon sugar, a nitrogenous organic base, and 

phosphate groups. DNA molecule composed of two long polynucleotide chains containing 

these four types of nucleotides (Figure 2.1). Hydrogen bonds between the DNA bases, 

located in different strands, stabilize these two polynucleotide chains together [10].  

 

Figure 2.1. Structure of DNA. (a) Components of the DNA structure, (b) DNA strand, (c) 

arrangement of the polynucleotide chains, and (d) helix formation [10]. 

 

(a) (b)

(c) (d)
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When hydrogen bonds form between the bases of two polynucleotide chains, a purine base 

always pairs with a pyrimidine base. While adenine matches with thymine, guanine 

matches with cytosine. The three-dimensional double helix structure of DNA originates 

from these two polynucleotide chains.  

DNA, a highly biocompatible molecule, has the flexibility and rigidity that can easily be 

adjusted depending on the base pairs it contains. Single-stranded DNA chains are highly 

flexible, while short double-stranded ones have a rigid structure. It is not possible to 

construct complex nanostructures using linear DNA strands alone. Special structures can 

be formed when the single and double-stranded DNA chains are used together. DNA 

molecules have the ability to be modified at different points.  

Adenine-thymine and guanine-cytosine Watson-Crick hydrogen bonding allows the 

programming of artificial DNAs [11]. In this sense, DNA nanotechnology, is a new 

technology that aims for the preparation of new nanostructures through DNA 

hybridization. DNA material science, which is related to structural DNA nanotechnology is 

a rapidly developing research area. Using DNA and its structural features, many 

functionalized materials and structures at nanoscale can be prepared. Thus, DNA is 

introduced as a building material into materials science.  

2.2. DNA NANOTECHOLOGY AND DNA ORIGAMI APPROACH 

DNA origami approach, which was pioneered by Paul Rothemund, allows for the 

preparation of many 2D and 3D DNA constructs [12, 13]. In fact, the foundations of this 

approach extend back to the work of Nadrian Seeman in the 1980s. Nadrian Seeman, who 

was inspired by the Holliday junction, suggested that different DNA constructs could be 

generated using the immobile branched junction DNA motifs. He created various DNA 

constructs such as cube, pentagonal dodecahedron using DNA motifs, for instance, double 

and triple crossover [14-17]. The Holliday junction structure, a guiding spirit of Seeman, 

and DNA motifs used in the construction of different DNA structures are shown in Figure 

2.2.  
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Figure 2.2. Holliday junction structure (a) and DNA motifs used in the construction of 

different DNA structures (b) sticky end containing four-arm junction, (c) double crossover, 

and (d) triple crossover [18]. 

Day by day, this approach gained importance and complex structures which are 

synthesized using this approach have been increased [19]. The first 2D DNA structure was 

designed by Winfree et al. using DNA tiles [20]. In 1999,  the first discrete 3D structures 

were reported by Seeman [21].  

Until the work of Paul Rothemund, DNA tiles and other motifs such as DNA triangles 

have been used for the preparation of DNA nanostructures. The studies, which could be 

regarded as the earliest examples of pre-Rothemund DNA origami techniques, were carried 

out by Yan et.al and Shih et al in 2003 and 2004 [22, 23]. In the first study, Yan et. al. 

reported the formation of nano-arrays using long scaffolds and short helper chains [23]. In 

the second study performed by Shih et.al., the formation of an octahedron DNA structure 

using a few small DNA chains and a heavy DNA chain was reported [22].  

The DNA origami technique, which was inspired from the Japanese paper folding art 

origami and forming of desired shaped and sized DNA structures through the folding of 

long M13 viral single-stranded DNA with the help of short helper DNA strands, was 

performed firstly by Paul W.K. Rothemund in 2006 [13]. The formation of DNA origami 

and the best known examples of this approach are shown in Figure 2.3. In his first studies, 

Rothemund created the most known samples of origami technique such as smiley faces, 

stars, triangles and squares [13]. 

(a) (b) (c) (d)
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Figure 2.3. Formation of  DNA origami (a) and the best known examples of DNA origami 

approach (b) developed by Rothemund [13, 18]. 

Rothemund achieved the desired constructs using small complementary DNA strands and 

the M13 bacteriophage genome in an appropriate buffer solution. Construction of more 

complex 3D structures such as tetrahedron [24], prisms [25], three-dimensional DNA box 

with openable lid structure [26] was realized soon afterwards. 

2.3. PREPARATION OF DNA ORIGAMI STRUCTURES 

DNA nanostructures can be constructed using a variety of methods such as a scaffolded 

approach and a multi-stranded approach. [27, 28]. An older tile-based approach is 

preferred for smaller and simpler structures, and repeated tile-like units are also used for 

the formation of desired structure. The application of the scaffolded approach is more 

accurate in the formation of larger and more complex structures. 

In the multi-stranded approach, using short-oligonucleotides, which are complementary to 

each other at various points, can hybridize and hybridization provides the creation of 

desired DNA structure. The oligonucleotides used in equivalent stoichiometry in a buffer 

solution, previously heated and then cooled slowly, and the desired DNA structure can be 

formed. This approach has disadvantages due to the low percentage of product yield 

depending on the experimental error, the necessity of extra purification steps, the limited 

occurrence of the structures that can be obtained and the necessity of providing well-

adjusted oligonucleotide concentrations [27]. 

(a) (b)
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In a scaffolded approach [13], several short-oligonucleotides, which are complementary to 

a scaffold strain at various points, hybridize to the scaffold strain and hybridization 

provides the creation of the desired DNA structure. Hybridization of the oligonucleotides 

gives form to the scaffold strain. This method has advantages such as high product yield, 

elimination of purification steps, product formation in a shorter time, and the ability to 

handle complex structures [28]. There is also a single stranded approach in which only a 

single scaffold chain is used. The approaches used in DNA origami preparation are shown 

in Figure 2.4. 

 

Figure 2.4. The approaches used in DNA origami preparation. (a) Multi stranded approach 

and (b) Scaffolded approach [27, 28]. 

A variety of the computer aided design tools are used to design DNA based structures and 

to determine the manufacturability of the designed structures. Web servers such as 

NUPACK [29] and MFOLD [30] and computer programs such as SEQUIN [31], 

UNIQUIMER-3D [32] and TIAMAT [33] serve for this purpose. Open-source software 

CADNAno is also one of the most preferred software because of the facilities providing to 

the user [34].  

2.4. APPLICATIONS OF DNA ORIGAMI STRUCTURES 

A DNA origami approach has been used in many different areas such as arrangement of 

various molecules and nanoparticles , chemo and biosensors, drug delivery systems and the 

preparation of nano-sized robots and carrier structures [35-44]. A DNA origami approach 

(a)

(b)



8 

 

 

is also widely used in the arrangement of organic and inorganic molecules. The idea of  

nanoparticle arrangement using DNA was first demonstrated by the work of Mirkin [35] 

and Alivisatos [44]. In the study of Mirkin, the alignment of the 13 nm diameter gold 

nanoparticles was carried out using oligonucleotides in a controlled manner [35]. It has 

been shown that different numbers of gold nanocrystals could be arranged in any desired 

manner by utilizing the base-pairing feature of oligonucleotides in the study of Alivisatos 

[44]. In the arrangement of multi-component populations of SWNT, a reactangular DNA 

origami was used as a template [45]. A triangular DNA origami structure, which contains 

sticky ends at certain points, was used for the sequential arrangement of gold nanoparticles 

[36]. The arrangement of 20 nm diameter AgNPs modified with ps-po chimeric DNA 

strands on the triangular DNA origami structure was performed in the work of Pal. [46]. 

The hierarchical alignment of metal nanoparticles, quantum dots, and organic dyes have 

also been carried out using a DNA origami approach, similar to planet-satellite 

organization [37]. A summary of arrangement of nanoparticles and organic dyes via DNA 

origami structures are demonstrated in Figure 2.5.  

 

Figure 2.5. Arrangement of materials by DNA origami structures. Assembly of gold 

nanoparticles AuNPs (a and d), silver nanoparticles (b), and (c)  metal nanoparticles, 

quantum dots, and organic dyes [35-38]. 

(a) (b) (c)

(d)



9 

 

 

Beside nanoparticles, DNA origami can serve as a template for the organization of other 

type molecules such as streptavidin [39], proteins [40], etc. Triangular nucleic acid probes, 

which designed for the RNA hybridization and acted as a macroscopic DNA chip, are one 

of the first uses of DNA origami [39]. 

Nanostructures synthesized by DNA origami approach find use in drug delivery systems. 

The nanopill structure with DNA aptamer lock structure that can be opened in the presence 

of suitable antigen is one of the first examples of the DNA origami approach in drug 

delivery systems [47].  The use of DNA origami structures in the form of tube and triangle 

for the delivery of doxorubicin was studied in breast cancer cells [43]. These constructs 

displayed an increase in drug toxicity and helped to overcome the drug resistance in drug-

resistant MCF-7 cells. Daunorubicin, an anthracycline drug such as doxorubicin, was 

loaded onto rod-shaped DNA origami structure and efficiency of this system on leukemia 

cells, which display multidrug resistance, was investigated [42]. The results of the study 

showed that the drug-loaded system was taken effectively into the cells and the efficiency 

of the drug was increased. It has been shown that DNA origami tube constructs coated with 

CpG oligodeoxynucleotides, which are promising molecules for immunotherapy 

applications, generated more immunoreactivity than the treatment performed using 

lipofectamine, conventional carrier system [48]. 

In the studies where metal nanoparticles were incorporated into the DNA origami 

structure, constructs with promising in terms of theranostic could be obtained. In the study 

of gold nanorod-DNA origami association, DNA molecules assumed the carrier role for 

the therapeutic molecule and the AuNPs took on different tasks at the same time.  While 

the use of gold nanoparticles increased the cellular uptake and antitumor activity, they also 

enabled the cellular imaging and photo thermal therapy of tumor cells [49].  

Recently, 3D DNA origami structures like containers have been reported for several 

researchers. The closed tehrahedron shaped container [24], DNA box with a controllable 

lid [26], and 3D box [50] shaped origami structures have been done (Figure 2.6). In future, 

these 3D origami structures will be used delivery systems for transport and release of 

different cargos [51].  
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Figure 2.6.  3D DNA origami structures. (a) Tetrahedron shaped DNA origami structure, 

and (b) DNA origami box with a controllable lid [26, 52]. 

In addition to drug delivery and nanoparticle arrangements, DNA-based nanostructures 

were used in sensing and examining of biomolecular interactions [53-56]. The platforms 

prepared with DNA-based nanostructures were also used in the determination of single 

nucleotide polymorphism [57-60]. DNA nanoconstructs designed to exhibit 

conformational changes depending on the pH of the environment has also been reported 

[61]. It is also known that  single-helix thick DNA origami tube structure was used to 

contribute to NMR analysis of the membrane proteins, which performed for the structure 

determination [62].  

2.5.  IMPORTANCE OF TARGETING 

Properties of a drug carrier, delivery device and  targeting way are critical factors for 

developing drug delivery systems. It is expected that an ideal drug delivery system should 

be non-toxic, biocompatible, stable in vivo and in vitro, allow controlled drug release, be 

easily prepared, and be cheap. Furthermore, the selective and specific recognition of target 

cells is one of the most important features expected from such a system. Targeted systems 

refer to systems that enable the localization of the therapeutics to the target site and limit 

activities of the therapeutics outside the target regions [63]. Targeting improves the 

treatment efficiency, decrease the side effects of drugs, and increase the quality of patient’s 

life. The use of antibodies, growth factors, etc. molecules as targeting agents is being 

studied intensively in order to improve the activities of drug delivery systems [64-67]. The 
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target structures are generally cell proliferation markers overexpressed on tumor cell 

surface [68]. 

The idea of a targeted drug delivery system was put forward by Paul Ehrlich, a German 

biochemist who received the Nobel Prize in 1908, and introduced the "magic bullet" 

concept into the literature. In his first study, Paul Ehrlich was inspired by the selective 

activity of the drug "Salvarsan" used in the treatment of syphilis [69].  

Active and passive targeting are two main targeting strategies applied in drug delivery 

systems [70] (Figure 2.7). There are also physical targeting methods that allow the drug-

loaded carrier system to reach the desired site depending on the change of environmental 

factors such as temperature, pH, electric field and ionic strength. Acidic environment 

exhibited by tumor cells also contributes to the development of different strategies for 

providing the selectivity of the drug carrier system [71-73]. Applications such as 

intraperitoneal and intravesical injections that allow the therapeutic agent to be 

administered directly to cancer cells without systemic circulation are also a passive 

targeting strategy. 

  

Figure 2.7. Drug targeting strategies 

Drug Targeting

Active

PassiveEPR Effect Localized Delivery

Antibody-Antigen Aptamers

Ligand-Receptor Lectin-Carbohydrate
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2.5.1. Passive Targeting 

Drug delivery systems, which target metabolic circulation, are defined as passive transport 

systems. The targeting of the drug takes place through organism response to the 

physicochemical properties of the drugs and drug delivery systems. Passive targeting 

benefits from the anatomical differences of healthy and diseased cells [74]. Nanoparticles 

used in treatments tend to accumulate at tumor sites through leaking vasculature and 

attenuated lymphatics. Nanoparticle accumulation in tumor tissue region due to leaky 

vasculature is shown in Figure 2.8. This type targeting is also called as enhanced 

permeability and retention effect (EPR) based targeting [75, 76]. Nanoparticles accumulate 

in ranging from 100 nm to 2 µm in the environment of tumor angiogenesis, reducing 

systemic toxicity and allowing toxic effects to be seen only in the tumor site. Anticancer 

drugs do not have such an advantage alone. 

  

Figure 2.8. Nanoparticle accumulation in tumor tissue region due to leaky vasculature [77] 
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2.5.2. Active Targeting 

In active targeting strategy, the drug carrier is conjugated with specific molecules such as 

aptamers [78], antibodies [79-83], peptides [84-89], etc. and targeting is achieved by the 

interactions provided through these ligands. Organs, cancer cells and cell organelles can be 

targeted in this type targeting and these methods are named as first order, second order and 

third order targeting applications, respectively. As mentioned above, strategies, which 

developed by taking into account tumor environment conditions, and specific molecules 

are used in active targeting. Transferrin-like proteins [90], glycosaminoglycan molecules 

such as hyaluronic acid [91-93] have been used as targeting agents in many studies from 

molecular imaging applications to gene silencing applications. Active tumor targeting 

using targeting molecules is shown schematically in Figure 2.9.  

 

Figure 2.9. Active tumor targeting with ligand-NP complex 

2.5.2.1. Folic acid-based Targeting 

Targeting folate receptors, which are highly expressed in many cancer cells such as 

ovarian, brain and breast cancer is one of the important strategies that are used in many 

studies and tested for efficacy [64, 94-98]. Folate receptors, which are more expressed  in 

cancer cells than healthy cells, can be targeted by the use of folic acid ligand, which is an 

inexpensive molecule that does not cause unwanted side effects in the organism [99]. Folic 

Tumor cell
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acid-containing carrier systems are taken into the cell through receptor-mediated 

endocytosis [100]. Folic acid mediated cellular uptake takes place as shown in Figure 2.10. 

Folate-based targeting is used to selectively transport many therapeutic molecules 

including antisense oligonucleotides [101-104], imaging agents [105], gene delivery 

vectors [106-111], and chemotherapeutics [112-114] to target cancer cells.  

Folic acid can be conjugated by applying EDC/NHS chemistry to protein like molecules 

due to the presence of readily activatable carboxyl groups [115]. It can be bound directly to 

the drug carrier system as well as to the therapeutic molecule for targeting [104]. Although 

direct attachment of folic acid to drug molecules is considered as a good strategy, the fact 

that drug molecules have mostly hydrophobic character limits the targeting activity. The 

use of molecules having a hydrophilic character between the therapeutic molecule and folic 

acid as linking agents makes a significant contribution to targeting efficiency [116]. 

 

Figure 2.10. Molecule formula of folic acid (a) and schematic representation of folate 

mediated endocytosis (b) [117]. 

(a)                                     

(b)                                                                     
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As in the case of vinblastine, conjugates of this anticancer drug with folic acid, EC-145 

and EC-0225, can be given as an example of increasing the targeting activity (Figure 2.11). 

It should be noted that when preparing the drug-folic acid conjugate, the affinity of the 

folic acid receptor should be maintained [116]. 

 

Figure 2.11. Folic acid containing anticancer agents. Vinblastine-derived microtubule 

polymerization inhibitor molecules (a) EC-145 [118] and (b) EC-0225[119]. 

Momordin herbal toxin and bacterial exotoxin are among the first therapeutic molecules 

reported to be effectively taken up by folate mediated endocytosis in tumor cells 

expressing the folate receptor [120, 121]. The toxin formulations containing folic acid have 

been reported to have higher tumor killing activity in FR-positive cancer cells such as 

HeLa cells [121, 122]. It has been reported that folate-mediated targeting in cells such as 

KB and HeLa contributes to the cellular uptake and selectivity of drug delivery systems 

[123].  

There are also studies in which the activity of cationic liposomes in gene delivery 

applications is enhanced by the use of folate ligands [96, 103, 111]. The increased cellular 

uptake and accessibility to tumor site for the polymeric nanoparticles modified with folic 

acid have been reported in breast cancer cells [115].  

(a)

(b)
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It has been emphasized that magnetite nanoparticles coated with folic acid showed higher 

uptake and localization in tumor cells when used in imaging in breast cancer cells [124]. 

PEG nanoparticles synthesized by solvent evaporation and modified with folic acid have 

been reported to exhibit an enhanced therapeutic effect in FR-positive cells [125]. In the 

folic acid-based targeting applications, targeting activity can be hindered by some factors 

such as the amount of endogenous folate in the organism, size of the delivery vehicle and 

the low expression level of folate receptors in patients [96]. 

2.5.2.2. RGD peptide-based Targeting 

αvβ3 integrins are class of angiogenesis-associated targets for proteins which harboring 

RGD sequence. These are highly expressed receptors on neovascular endothelial  cells  

[68, 126]. The use of imaging agents and drug molecules in the treatment of cancer by 

targeting the αvβ3 integrin has been reported in many studies. The most common method 

for targeting the αvβ3 integrins is using peptides and nonpeptide mimetics which include 

RGD sequence [127, 128]. Targeting activities of linear and cyclic RGD sequences are 

frequently studied [65, 129-134]. 

2.5.2.3. Carbohydrate-based Targeting 

German scientist Otto Warburg has shown that cancer cells have much more glucose 

consumption than other cell. It has been reported that the rates of aerobic glycolysis in 

cancer cells are also quite high [135, 136]. Today, this inference by Warburg is called the 

"Warburg effect" and considered one of the most important features of cancer [137].  

A variety of strategies have been developed using Warburg effect to fight cancer. 

Inhibition of  metabolic enzymes with various molecules [138, 139] and the selective 

targeting of cancer cells by glycoconjugation have been extensively revealed.  

Glycoconjugation strategy originates from the extensive use of radiolabeled glucose 

analog, 2-deoxy-2-(
18

F)fluoro-D-glucose, in the visualization of tumors and metastases 

through high glucose uptake rate [140, 141]. The detection of tumor sites using radio 

labeled glucose analog with PET imaging is demonstrated in Figure 2.12. 
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Figure 2.12. Positron emission tomography (PET) imaging using radiolabeled glucose 

analog 2-deoxy-2-(18F)fluoro-D-glucose. (a) Healthy patient, (b) metastatic Hodgkin's 

lymphoma patient's PET scan and (c) metastatic breast cancer patient's PET scan [141, 

142]. 

The glycotargeting aim with the use carbohydrate or lectin molecules as targeting agents is 

to increase the efficacy of a drug delivery system. When the carrier system is modified 

using lectin molecules, cell glycoproteins or glycolipids are targeted [143]. Similarly, 

lectin proteins are targeted by the addition of carbohydrate molecules to the carrier system.  

Targeting agents can be used in the modification of carrier molecules as well as 

conjugation with a therapeutic agent. As mentioned in the folic acid targeting part, 

carbohydrate molecules can be conjugated directly to a drug molecule.  

The carbohydrate conjugated drug molecules prepared in this way are shown in Figure 

2.13. 1-D-galactose-conjugated docetaxel [143, 144], 2-D-glucose-conjugated paclitaxel 

[145], 6-D-gluctose-conjugated chlorambucil [146], 6-D-gluctose-conjugated methane 

sulfonate[147], Peracetylated 2-fluorodeoxyglucose-conjugated chlorambucil [148, 149], 

and D-threoside-conjugated chlorambucil [150] are the examples of carbohydrate 

conjugated drugs. 

(a)                                                           (b)                            (c)

Selective uptake of
18F-FDG into

tumor cells due to

glucose transporter

overexpression
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Figure 2.13. Carbohydrate-conjugated drugs. (a) 1-D-galactose-conjugated docetaxel [144, 

145], (b)  2-D-glucose-conjugated paclitaxel [146], (c) 6-D-gluctose-conjugated 

chlorambucil [147], (d) 6-D-gluctose-conjugated methane sulfonate[148], (e) Peracetylated 

2-fluorodeoxyglucose-conjugated chlorambucil [149, 150], and (f) D-threoside-conjugated 

chlorambucil [151].  

2.5.2.4. Nucleic acid and Antisense Oligonucleotide Delivery and Glycotargeting 

Strategies 

In recent years, nucleic acids have been used as a part of a drug delivery system as a 

therapeutic unit or carrier. DNA structures, assembled using DNA base-pairing, were used 

to construct nanostructures for the delivery of pharmaceuticals and antisense 

oligonucleotides. However, their difficulty to pass the cellular membrane  due to their 

highly charged nature decrease their applicability as carrier structures in these applications.  
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The facilitated cellular uptake of the nucleic acids, which are generally taken by the cells 

through different mechanisms such as adsorptive endocytosis, can be provided by using 

various chemicals or applying mechanical and electrical stimuli. Cationic lipids such as 

Lipofectamine
TM

, dendrimers calcium phosphate and cationic peptides are widely used for 

nucleic acid delivery [152-159]. The transport of nucleic acid structures can also be 

achieved by applying electroporation or particle bombardment [160-164].  

In recent years, the utility of interactions between  lectins and glycans for targeting and 

delivery gained importance and were named as glycotargeting for the nucleic acid delivery 

[165]. A carbohydrate moiety recognized by the lectins on cell surfaces is incorporated into 

the constructed nucleic acid structure. The presence of such a moiety allows the uptake of 

nucleic acids through receptor-mediated endocytosis.  

The carbohydrate molecule can be interact non-covalently with nucleic acid constructs, as 

well as it can be incorporated directly or via a carrier structure. Oligonucleotides can be 

functionalized with carbohydrates by the formation of covalent bonds between sugar 

molecules and nitrogenous DNA bases. Positively charged polypeptides, which are 

frequently used to deliver nucleic acids, can be glycosylated with various carbohydrate 

molecules [166]. Polysaccharides such as chitosan and schizophyllan can also be modified 

by sugar molecules recognized by lectins and their uses in gene transfer applications has 

been reported [167-169]. As in the case of the schizophyllan, which protects single chain 

DNA from nuclease attack, does not produce immune response and allows long 

circulation, polysaccharide molecules have been used for the direct delivery of antisense 

oligonucleotides. 

2.6. CANCER THERAPY  

Cancer is one of the biggest causes of death in worldwide. Cancer whose frequency of 

sightings is increasing day by day, has been treated with surgery, radiotherapy and 

chemotherapy applications. Chemotherapy applications come to the forefront from these 

methods in the treatment of advanced stage cancer. In chemotherapy treatments, the 

therapeutic agent should be given to the patient in high doses to ensure that the obtaining 

desired final concentration in target tissues or cells. While the development of new agents 

in treatment applications, which will increase the survival chances of patients, is targeted, 
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the presence of biological barriers, which impede the transport of drugs to target sites, 

significant side effects, and physiological effects arise from undesirable non-target effects 

are important issues must be overcome effectively. The side effects such as neurotoxicity 

and cardio toxicity observed in healthy cells and the formation of resistance against 

therapeutics cause the disease to worsen. Thus, there is a special demand for the therapies 

including new drugs, drug delivery systems, which overcome these problems and increase 

the effectiveness of chemotherapeutic agents providing targeting of cancer cells and being 

less toxic to healthy cells. 

2.6.1. Doxorubicin  

Cancer drugs are classified according to their functions and compositions. There are 

alkylating agents that prevent further proliferation of cancer cells and directly damage 

DNA. Antimetabolites interacting with DNA and RNA synthesis, replaces with building 

blocks to prevent DNA replication and transcription. Anthracyclines, which interact with 

enzymes responsible for DNA replication to influence the cell cycle process, are also 

important cancer drugs [170, 171]. Doxorubicin (Dox) is an anthracycline-type chemical 

approved by the FDA, which can be used alone or in combination with other agents for the 

treatment of many cancer types. In 1970s, it was extracted from Streptomyces peucetius 

var. caesius. It is generally used for the treatment of breast cancer. The molecular formula 

of Dox, which generally triggers the apoptotic cell death in cancer cells, and the types of 

cancers treated with doxorubicin are shown in Figure 2.14 [172-175]. 

 

Figure 2.14. The structure of Dox [176]. 
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2.6.2. Mechanism of Dox 

Dox is taken by passive diffusion to the cells and the major metabolite is doxorubicinol. 

When Dox is administered intravenously, the distribution half-life is approximately 3-5 

minutes and this indicates that the rapid cellular uptake. The Dox half-life in the tissue is 

quite slow compared to cellular uptake and varies from 24 to 36 hours [177]. It is 

approximately 50 times more abundant in the nuclear parts of the cell than cytoplasm and 

mostly accumulated in cell nuclei.  

Antitumor activity of Dox arises from events such as DNA intercalation, topoisomerase II 

inhibition, free radical formation. The entrance of various molecules into the planar 

deoxyribonucleic acid bases is defined as intercalation. Due to their chemical nature and 

size, polycyclic, aromatic and planar molecules are suitable for placement between DNA 

base pairs interact via intercalation with DNA. Compounds such as ethidium bromide, 

proflavine, and doxorubicin have the ability to intercalate, and some of these molecules are 

used in the treatment of cancer.  

Intercalation was first introduced by Leonard Lerman [178]. In Lerman's study, the 

interaction between DNA and several polycyclic aromatic compounds such as acridine and 

proflavine was investigated and he observed the changes such as unwinding of DNA and 

extension of the deoxyribose-phosphate backbone applying X-Ray diffraction [178].  

Dox leads to apoptosis through caspase activation and mitochondrial membrane potential 

deterioration [172, 179]. Beside cancer cells, Dox also affects other cells and shows side 

effects on healthy cells [180].  

Dox interacts with DNA through intercalation (Figure 2.15) and inhibits macromolecular 

biosynthesis [181, 182].  Topoisomerase 2b was reported as cardiotoxicity mediator 

induced by Dox in rats. In replication process, DNA strands are uncoiled by topoisomerase 

2b [183, 184].  
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Figure 2.15. Intercalation of Dox [185] 

Failure to repair DNA damage induces apoptosis and cell growth is hindered in the G1 and 

G2 phases. Antiproliferative effect of doxorubicin comes out together with cytotoxicity by 

binding of Dox to molecular targets like topoisomerase I and II enzymes, causes the DNA 

damage [186]. In cardiomyocytes, the activation of P53 and apoptotic pathways have been 

reported due to Dox induced cardio toxicity [187]. Production of Dox-induced ROS arises 

from the reduction of expression levels of Top2b dependent antioxidant enzymes [188].  

Dox-induced apoptosis has an important role in the appearance of cardiotoxicity, which is 

the most important side effect of Dox. The cardiotoxicity occurs by the formation of 

superoxide and free radicals (Figure 2.16).  
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Figure 2.16. Dox-induced oxidative stress [185]  

Dox performs free radical formation in two ways. The non-enzymatic method uses iron 

while the respiratory chain of mitochondria is involved in the enzymatic pathway [189, 

190]. This situation is related to the generation of reactive oxygen species (ROS) due to 

Dox redox activity. When Dox is oxidized to the non-stabilized semiquinone and then 

returned to the Dox structure, the process leads to the release of reactive oxygen species 

which results in events such as membrane damage, oxidative stress and DNA damage with 

lipid peroxidation [191]. The reaction begins with the loss of one electron of Dox and the 

formation of the Dox semiquinone radical is produced via reduced NADPH-cytochrome 

P450 reductase. In normoxic conditions, unpaired electron is transferred to oxygen form 

superoxide radicals. The semiquinone radical forms complex with iron [192-195]. 

Flavoproteins cause the reduction of sem radicals by taking electrons from the cofactor 



24 

 

 

molecule and converting them to Dox. These cyclic redox reactions are important because 

they cause the formation of many superoxide radicals even at very low concentration of 

Dox [196].  

Reactive nitrogen species are also the cause of the occurrence of Dox-induced 

cardiotoxicity. Binding of Dox to the reductase part of endothelial nitric oxide synthase 

results in an increase in the amount of superoxide [197].  

Dox leads to reduction of activities cardiac enzymes such as catalase and glutathione-S-

transferase. Because the amount of antioxidant in heart tissue is lower than in other places, 

the free radicals will have a high potential to cause damage to the heart [198].  

The Dox-induced mitochondrial damage is induced by the respiratory chain defect, which 

allows continuous generation of free radicals, and mitochondrial damage triggers apoptosis 

by causing cytochrome C release. Binding of proteins in electron transport chain with 

cardiolipin, which founds in the mitochondrial membrane, is necessary for the achieving 

functions of these enzymes effectively. The interest of Dox with cardiolipin leads to the 

production of more superoxide molecules. This type of effect of Dox also affects other 

membrane proteins, causing mitochondrial activity to weaken [199].  

Dox initiates the activation of apoptose-inducing AMP-activated protein kinase-dependent 

molecular signals to affect the Bcl-2/Bax apoptosis pathway. The change in Bcl-2/Bax 

ratio induces apoptosis with downstream activations of different caspases [170]. 

2.6.3. Therapeutic Forms and Delivery Systems of Doxorubicin  

When chemotherapy drugs are administered, they cause toxicity and undesirable side 

effects that affect all cells in patients. Therefore, drug delivery systems have been 

developed to reduce the toxicity of these drugs and limit their activities outside the tumor 

area. The use of nanoparticles for drugs with toxic side effects such as Dox has been 

extensively investigated and some of the improved nanoparticle-based formulations have 

been also marketed.  
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Table 2.1. The liposome based Dox products 

Liposome-based Dox 

formulations 
Particle type Application status Ref. 

Doxil PEGylated liposome 
approved and in 

use 
[200-202] 

Lipo-dox PEGylated liposome 
approved and in 

use 
[203] 

Myocet Liposome 
approved and in 

use 
[200, 201, 204] 

 

Thermodox 
PEGylated liposome In clinical trial [205, 206] 

 

Improved liposomal drug delivery systems that can stay in the circulation for a long time 

and prevent the drug escape are promising for such drugs. PEG coated liposomal 

formulations of Dox are commercially available. In Table 2.1, liposome based Dox 

products that are in use and at the clinical trial stage are shown.  

Designed in the form of a PEGylated nanoliposome, Doxil, is the first FDA approved 

nano-drug. In this formulation, circulation time of drug was enhanced and avoidance of 

RES was achieved. It targets cancer cells passively due to the EPR effect and the release of 

Dox occurs when the cancer cells are reached [207].  

The evidence of EPR effect induced by passive targeting in humans was first demonstrated 

by Gabizon et al. [208]. The Dox levels in biopsy specimens, which were taken after Dox 

and Doxil treatments, from patients were compared and shown in Figure 2.17. 

Accumulation of Doxil in human tumors was supported by fluorescence microscopy 

analyses of biopsy specimens [209].  
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Figure 2.17. The schematic representation of (a) Doxil (a) and (b) plasma Dox levels of 

patients [208] 

Many studies have been reported on the delivery of Dox using chitosan nanoparticles, 

which allow controlled drug release and are noted for their biocompatibility. In vitro study 

by Janes et al, dextran coupled chitosan nanoparticles were found to exhibit high anti-

tumor activity on human melanoma cells and murine colorectal carcinoma cells [210].  

The use of hydrogel-based systems in bone tumors has also been reported for Dox. In 

mice, the biodegrable chitosan/dipotassium orthophosphate hydrogel formulation was 

applied and it was seen that necrosis was not observed at the injection site and controlled 

release of the drug lowered the toxicity of the drug [211]. 

The use of Dox, which is conjugated with dextran to eliminate undesirable side effects, has 

been investigated in Mitra et al.'s work by encapsulating it into chitosan nanoparticles and 

results showed that the system was more efficacious for disease treatment compared to free 

Dox [212]. Iron oxide nanoparticles coated with chitosan showed high anticancer effect on 

resistant MCF-7 breast cancer cells [213].  

In the study performed on human lung carcinoma cells, the use of star-shaped poly lactic 

glycolic acid (PLGA)-vitamin E nanoparticles in the transport of Dox has been 

investigated and increasing antitumor effect with higher cellular uptake was observed. 

[214]. Dox loaded nanoformulations are given in Figure 2.18. 

(a) (b)
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Figure 2.18. Dox loaded nanoformulations [215] 

2.7. GENE SILENCING AND MORPHOLINOS 

2.7.1. Gene Silencing  

Since the discovery of the genetic material DNA, removal or mutation of genes has been 

extensively studied for the elucidation of gene functions in cellular events. Silencing of 

genes after transcription to determine their functions and stopping genetic activity leading 

to undesirable outcomes is an important approach for the treatment of diseases such as 

cancer. In antisense or gene knockdown mechanism, the expression of selected genes is 

inhibited by agents through Watson-Crick base pairing mechanism. These agents are 

named as antisense or gene knockdown agents. Phosphorothioate-linked DNAs (S-DNA), 

short interfering RNAs (siRNA), and morpholinos are three major classes (Figure 2.19) of 

gene knock down agents [216]. 
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Figure 2.19. Structural types of gene knock down agents [216] 

The development of such antisense oligo structures has began at the end of 1960 [217-

220]. Inhibition of pathogen replication using synthetic oligonucleotides through antisense 

mechanism is the first report of antisense technology and is was reported by Zamecnik and 

Stephensen in 1978 [218]. In this report, Rous sarcoma virus RNA has been targeted using 

a tridecamer oligodeoxyribonucleotide. The tridecamer oligonucleotide prevent the 

replication through blocking protein translation [218, 221, 222]. This study and further 

studies showed that the usage of complementary antisense oligonucleotides can be 

promising therapeutic way to obtain gene-specific knockdown.  

The gene knockdown agents should have high sequence specificity  and also lack off-target 

effects. The sequence selectivity means that  ability to block only the target RNA without 

blocking other RNA's in cell environment. 

The antisense agent’s high sequence specificity means that antisense oligo knocks down 

the only target RNA in the cell; low sequence specificity of antisense oligo means that 

antisense oligo knocks down  the function of target RNA with other non-targeted RNAs in 

the cell [216].  
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The off-target effects of antisense oligos are results of the interactions of intracellular 

proteins, cell surface proteins and extracellular surface proteins with antisense agents 

through different mechanism than base-pairing [216]. 

2.7.2. Structure and Mechanism of Morpholinos  

Morpholino oligomers contain six membered morpholino rings instead of five membered 

sugar ring and non-ionic phosphodiamidate inter subunit linkages instead of phosphate 

inter subunit linkages (Figure 2.20).  

 

Figure 2.20. Morpholine ring (a) and Morpholino backbone structure (b). 

The chemical structure of morpholinos provides advantages such as stability in biological 

environments, resistance to enzymatic degradation attacks, etc.[223]. It is known that 

morpholinos, which have a high solubility in aqueous solution, shows high affinity to 

target RNA sequences [224, 225]. Because of morpholinos' unnatural structures, they don't 

interact with proteins. Their non-ionic phosphorodiamidate inter subunit linkages (lack of 

backbone charge) provide simple and efficient delivery into the cells by endocytosis 

assisted delivery reagent [226]. 

 To exhibit activity, the minimum number of bases of the morpholino sequence should be 

about 14-15 bases [227]. Minimum inhibitory length means that the minimum length of a 

antisense oligo which match with the  target RNA to show it's inhibition function. High 

targeting efficiency is result of morpholinos high affinity properties towards their target 

(a) (b)
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RNA sequences and extended lenghts. Morpholino oligomers are design to block the 

translation of mRNA into protein [224]. Morpholino sequences are also used to inhibit 

splicing of pre-mRNA [228] (Figure 2.21). 

 

Figure 2.21. Blocking through morpholino oligomer 

2.7.3. Luciferase 

The luciferase enzymes present in organisms, exhibiting bioluminescence, are responsible 

for the catalysis of light-producing chemical processes [229]. North American firefly 

luciferase isolated from Photinus pyralis is one of the most studied enzymes. [230].  

Luciferase molecular weight is 62 kDa and the production of light by luciferase reaction is 

dependent on the presence of ATP, oxygen, and luciferin substrates [229]. Fireflies except 

P.pyralis emit light at different wavelengths from 582 to 552 nm [231], while P. pyralis 

emits yellow-green light at 560 nm [232].  

Different luciferase enzymes emit light at different wavelengths using the same reaction 

compounds depending on their protein structure [231]. The reaction scheme of the firefly 

luciferase is shown in Figure 2.22. 
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Figure 2.22. Reaction of Firefly luciferase 

2.8. AIM OF THE STUDY 

The aim of this study is to prepare DNA tile nano-carrier systems, which can be used as 

drug and gene delivery systems, and investigating their efficiency in vitro conditions. 

Several agents can be bind into DNA tile structure via hybridization of complementary 

modified oligonucleotides to form multifunctional DNA based nanocarrier system. 

Maintaining the basic tile structure, a new carrier system can be designed for every 

purpose (therapy, targeting, etc.). 

In this thesis, lactose, folic acid, and RGD modified oligonucleotides will be hybridized to 

DNA tile structures. These molecules are used as targeting agents to provide efficient 

targeting of cancer cells. The well-known chemotherapy drug, doxorubicin will be used for 

killing the cancer cells. Therapy and targeting are aimed and carried out simultaneously 

with this system. The requirements to form a multifunctional nanocarrier system and the 

efficiency of this newly prepared system will be investigated. At the same time gene 

silencing experiments will be conducted to test the approach. For this purpose, luciferase 

expressed cells will be used and silencing of the luciferase gene will be studied as a model 

for gene silencing in vitro. 

Light
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3. MATERIALS AND METHODS 

3.1. CHEMICALS AND REAGENTS 

Magnesium acetate and folic acid were purchased from Applichem (Darmstadt, Germany). 

RGD peptide and agarose were purchased from Sigma (St. Louis, Mo. USA). Boric acid 

and ethidium bromide were purchased from Fisher Scientific. Sodium cyanoborohydride 

was purchased from Acros. Trizma base, acetic acid, cytochalasin B, and hydrochloric acid 

(Sigma-Aldrich, Germany), N,N'-dicyclohexyl carbodiimide (DCC), and N-

Hydroxysuccinimide  (NHS) were purchased from Sigma-Aldrich (Darmstadt, Germany). 

Ethylenediaminetetraacetic acid was purchased from Bio Basic (Markham, Canada). 

Doxorubicin (Dox) was purchased from Biotang (Lexingtan, USA). Sodium dodecyl 

sulfate (SDS) was purchased from Bio Basic Inc. (Canada). Lactose monohydrate and 

sodium azide (NaN3) were purchased from Merck. Glucose was purchased from Riedel-de 

Haen. 

3.2.  CELL LINES, CELL CULTURE MEDIA AND CHEMICALS 

The MDA-MB-231 and BT-474 cells are breast cancer cells. MCF-7 cells are breast cancer 

cells. The A549 cells are adenocarcinomic human alveolar basal epithelial cells. The HeLa 

cells are cervical cancer cells. LNCaP cells are androgen-sensitive human prostate 

adenocarcinoma cells. The DU145 cells are human prostate cancer cells and PNT1A cells 

are healthy human prostate cells. The cell lines were purchased from the American Type 

Culture Collection.  (ATCC). 

Dulbecco’s modified Eagle medium (1X DMEM, 4.5g/L D-Glucose, L-glutamine, sodium 

pyruvate; Gibco,USA), fetal bovine serum (FBS, Gibco, UK), HyClone
™

 phosphate 

buffered saline (10 X PBS, Gibco, USA), Pen-Strep (10,000 Units/ml penicillin, 10,000 

μg/ml streptomycin; Gibco, USA), L-glutamine (200 mM, Gibco, UK), 0.25 per cent 

trypsin-EDTA (1X, Gibco, UK), sodium pyruvate (100 mM, Gibco, USA), dimethyl 

sulfoxide (DMSO, Sigma-Aldrich, USA), propidium iodide solution (PI, 1.0 mg/ml in 

water; Sigma-Aldrich, USA) Ribonuclease A (Sigma-Aldrich, USA), ethanol (Sigma-
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Aldrich, USA), and 2-propanol (Sigma-Aldrich ,USA) were used for the cell culture 

experiments. RIPA buffer was obtained from Santa Cruz Biotechnology (USA). Goat anti-

firefly luciferase antibody was purchased from Abcam (USA). All oligonucleotides 

(Oligo), used in DNA tile formation, were purchased from Alpha DNA (Montreal, Canada) 

and listed in Table 3.1. 

Table 3.1. Oligonucleotide sequences used in DNA tile formation 

Sequence 

Code 
Base sequences of oligonucleotides (5'to 3') 

Oligo 1 

AGG CAC CAT CGT AGG AAA ATC TGC GTC AGC TCT CCG TAC ACC 

AGT GCT TCC ATG  CGA AGT AAA ACG TTC CGA TCA CCA ACG GAG 

TAA AAC GAT CTA ACT GAT AAC TAG CAC CTC TGC TCA CGT GAG 

GAG TAA AAC TTG CC 

Oligo 2 
ATA CCG GAG GCT TCC TGT ACG GAG AGC TGA CGC AGA CCT ACG 

ATG GAC ACG CCG 

Oligo 3 
ATG CAA CCT GCC TGG CAA GAC TCC TCA CGT GAG CAG AGG ACT 

ACT CAT CCG TTA 

Oligo 4 
TTT CCG ACT GAG CCC TGC TAG TTA TCA GTT AGA TCG ACT CCG 

TTG GAC GAA CAG 

Oligo 5 
ATA GCG CCT GAT CGG AAC GAC TTC GCA TGG AAG CAC TGG ACC 

GTT CTA CCG ATT 

Oligo 6 

 
CTCGCAATCGGTAGAACGGTGGAAGCCTCCGGTATGCATG 

Oligo 7 

 
AAA AAA AAA ACG GCG TGT GGT TGC ATA AAA AAA AAA 

Oligo 8 CGC TAT AAC GGA TGA GTA GTG GGC TCA GTC GGA AAG AGCA 

Oligo 9 AAA AAA AAA ACT GTT CGT GGC GCT ATA AAA AAA AAA 

Oligo 10 
AAA   AAA GGG TCG CGG TAA TCC TGT ACG GAG AGC TGA CGC 

AGA CCT ACG AAT GGC GCT GGG AAA AAA 

Oligo 11 

AAA AAA GGG TCG CGG TAA GGC AAG ACT CCT CAC GTG AGC AGA 

GGA CTA ATG GCG CTG GGA AAA AAG GGT CGC GGT AAG ATG GGT 

GAG CT 

Oligo 12 
AAA AAA GGG TCG CGG TAA CCC TGC TAG TTA TCA GTT AGA TCG 

ACT CCG AAT GGC GCT GGG AAA AAA 

Oligo 13 
AAA AAA GGG TCG CGG TAA CGG AAC GAC TTC GCA TGG AAG CAC 

TGG ACC AAT GGC GCT GGG AAA AAA 

Oligo 14 

 
CCC AGC GCC ATT CTA CCC ACT CGA 
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3.3.  METHODS 

3.3.1.  Folding of DNA Tile Structures 

DNA tile structure was formed using long scaffold strand (140 bases) and the short staple 

strands (36-54 bases). The tile formation was carried out in hybridization buffer 

TAE/Mg
2+

. Oligonucleotide mixture was placed in a water bath heated to 95 °C and then 

the temperature of the water bath was expected to decrease to the room temperature within 

24 hours. Oligonucleotides used in tile formation are given in Table 3.1. The 

oligonucleotides used to construct DNA tile structures, which were designed for the 

delivery of drug and antisense oligonucleotide, are given below. The DNA tile to be used 

for the doxorubicin delivery was generated using oligonucleotides 1-9. The tile to be used 

for the morpholino delivery was constructed using oligonucleotides 10-14 and 

oligonucleotide 1. 

3.3.2.  Characterization of DNA Tiles 

3.3.2.1.   Agarose Gel Electrophoresis 

Agarose gel electrophoresis was applied to monitor the tile formation. The samples taken 

from the hybridization mixtures were loaded into 2 per cent agarose gel. Agarose gel was 

prepared by dissolving in the TAE buffer solution. The DNA tile structure formed by 

hybridization of oligonucleotide sequences to each other was monitored using a gel 

imaging system (Bio-Rad, USA). 

3.3.2.2.  Dynamic Light Scattering (DLS) 

Dynamic light scattering measurements of DNA tile structures were carried out using a 

Zetasizer nano-ZS from Instruments (Malvern, UK). Measurements were performed at 

room temperature with a 173° scattering angle using 4 mW He-Ne laser conditions and 

repeated three times.  
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3.3.2.3.  Atomic Force Microscopy (AFM)  

DNA tile formation was monitored with AFM (Park Systems XE 100). DNA tile sample 

was dropped on freshly cleaved mica surface and dried samples were analyzed in non-

contact mode with silicium tips at room temperature. An image-processing program XEI 

was used for the examining of AFM images. 

3.3.3.  Stability of DNA Tiles 

The stability analysis of DNA tile structures was performed in cell medium. The tile 

structures were incubated in DMEM medium supplemented with 10 per cent FBS (fetal 

bovine serum), 100 unit/mL penicillin, and 100 μg/mL streptomycin solutions at 37 °C 

under 5 per cent CO2 atmosphere. The stability of DNA tile structure was verified by 

agarose gel electrophoresis. Incubation samples were loaded into the agarose gel and run 

for 1 hour at 80 V. After running, agarose gel image was recorded by a gel imaging 

system.  

3.3.4.  Modification of Oligonucleotides 

3.3.4.1.  Synthesis of Lactose Modified Oligonucleotide 

Carbohydrate modification of the amine-modified oligonucleotides was accomplished by 

applying the reductive amination procedure [233]. The reaction was carried out in the 

borate buffer solution in the presence of 20 mM lactose, 50 μM 5'-

aminohexyloligonucleotide and 250 mM sodium cyanoborohydride  in a single step for 18 

hours at 60 °C. After the reaction, an ultracentrifuge column (MW 3000 Da) was used to 

remove unreacted chemicals. Centrifugation was carried out 3 times for 45 minutes at 3800 

rpm at room temperature. The samples loaded to 2 per cent agarose gel were run at 60 volts 

for 90 minutes. 
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3.3.4.2.  Synthesis of Folic acid Modified Oligonucleotide 

Folic acid binding to 5'-aminohexyloligonucleotide was performed by applying the 

dicyclohexylcarbodiimide (DCC)/N-hydroxysuccinimide (NHS) chemistry. Activation of 

the carboxyl group of the folic acid was carried out in dimethylsulfoxide (DMSO) for 18 

hours with stirring. After incubation, the side product of the activation reaction, DCU was 

removed by filtration and reaction mixture was added to the diethyl ether. The orange-

yellow precipitate was filtered off and allowed to dry under vacuum and then reacted with 

5'-aminohexyloligonucleotide. After the reaction, an ultracentrifuge column (MW 3000 

Da) was used to remove unreacted chemicals and DMSO. Centrifugation was carried out 

for 45 minutes at 3800 rpm at room temperature. 

3.3.4.3.  Synthesis of RGD Modified Oligonucleotide 

To RGD binding to oligonucleotide, carboxyl group of RGD peptide was activated. 

Activation was performed in DMSO for 18 hours with stirring After incubation, the side 

product of the activation reaction, DCU, was removed by filtration and reaction mixture 

was added to the diethyl ether. The orange-yellow precipitate was filtered off and allowed 

to dry under vacuum and then reacted with 5'-aminohexyloligonucleotide. After the 

reaction, an ultracentrifuge column (MW 3000 Da) was used to remove unreacted 

chemicals and DMSO. Centrifugation was carried out for 45 minutes at 3800 rpm at room 

temperature. 

3.3.4.4.  Synthesis of FAM Modified Oligonucleotides 

FAM (25 mg) was incubated with 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 

14 mg/mL) in dimethylsulfoxide (DMSO) for 4 hours. After 4.5 hour incubation, 15,5 mg 

EDC and 5'-amine-modified oligonucleotide (50 µM)  was added into the reaction mixture 

and incubated for 18 hours at room temperature. After incubation, the reaction mixture was 

centrifuged with centrifugal filter (MWCO 3000) at 3500 rpm to remove DMSO and the 

chemicals except oligonucleotides. 
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3.3.5.  Characterization of The Modified Oligonucleotides 

Characterization studies of the modified oligonucleotides were carried out using the 

agarose gel electrophoresis, FT-IR and MALDI-TOF MS analysis. 

3.3.5.1.   Agarose Gel Electrophoresis 

Agarose gel electrophoresis was performed to visualize the reaction products. The samples 

taken from the reaction mixtures were loaded to 2 per cent agarose gel which was prepared 

by dissolving in the TAE buffer solution. The products of the modification reactions were 

monitored using a gel imaging system (Bio-Rad, USA). 

3.3.5.2.  MALDI-TOF MS Analysis 

MALDI-TOF MS analysis was also performed for the characterization of oligonucleotide 

modification reactions. 2,5-dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic 

acid (CHCA),  sinapinic acid (SA), and 3-Hydroxypicolinic acid (3-HPA) matrices were 

used for the analysis. In previous measurements, Bruker Daltonics Microflex mass 

spectrometer (Bremen, Germany) was used and mass spectra of the modified 

oligonucleotides were acquired in linear modes with average of 250 shots on a instrument, 

which equipped with a nitrogen UV-Laser operating at 337 nm. MALDI matrices and 

samples to be analyzed were dissolved in appropriate solvents and mixed together. For 

subsequent measurements, MALDI Synapt G2-Si High Definition Mass Spectrometry 

(Waters) was tried for the characterization of modified oligonucleotides.  

3.3.5.3.  FT-IR  

Lyophilized modified oligonucleotide samples were also analyzed using a FT-IR 

instrument (Thermo NICOLET IS50, Massachusetts, USA) in attenuated total reflectance 

(ATR) mode. 
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3.3.6.  Hybridization of The Modified Oligonucleotides to DNA Tile  

The oligonucleotides modified with targeting agents were hybridized to the sticky ends of 

DNA tile in TAE/Mg
2+

 hybridization buffer with shaking at room temperature overnight. 

 3.3.7.  Dox Intercalation to The DNA Tile  

Dox intercalation was achieved by mixing Dox with DNA tile at room temperature 

overnight. The Dox-DNA tile complex formed during the incubation was centrifuged at the 

end of the incubation and obtained as red pellet. At the end of centrifugation, the remaining 

free Dox without binding was determined by reading the supernatant absorbance at 480 

nm. After the removal of the supernatant, the Dox-DNA tile pellet was stored at +4 °C for 

later use. The red Dox-DNA tile pellet s were dissolved in the cell medium when used in 

the experiment. 

3.3.8.  Loading Efficiency of Dox 

To calculate optimum Dox loading level, Dox solutions with different concentrations were 

prepared and incubated with DNA tile origami structure. Dox standart solutions were 

prepared from 2 mM Dox stock solution. Experiments were performed in triplicate.  

3.3.9.  Cell Culture Maintenance 

MCF-7, HeLa, DU145, MDA-MB-231, PNT1A and A549 cells were cultured in 

Dulbecco’s Modified Eagle’s medium (with 4500 mg/L glucose, DMEM-HG) 

supplemented with 10 per cent FBS, 100 unit/mL penicillin, and 100 μg/mL streptomycin 

solutions. All the cells were cultured in 25 or 75 cm
2
 flasks to ~ 80 per cent confluency and 

incubated at 37 
o
C under 5 per cent CO2 atmosphere. LNCaP cells are cultured in RPMI-

1640 medium supplemented with 10 per cent FBS at 37 °C under 5 per cent CO2 

atmosphere.  
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When the cells reached 80 per cent confluency, they were continued by passaging. First, 

culture medium was removed and the cell layer was washed with 1XPBS solution. After 

washing with 1XPBS solution, 0.25 per cent trypsin (w/v) - 0.53 mM EDTA was added to 

the flask and waited until the cell layer was detached at 37 °C under 5 per cent CO2 

atmosphere. Trypsin activity was terminated by the addition of the cell medium. Cell 

suspension was transferred to the centrifuge tube and the cells were collected with 

centrifugation at 1500 rpm for 5 minutes at room temperature. After centrifugation, trypsin 

containing supernatant was removed and the cells were dispersed in fresh cell medium.  

Aliquot of the cell suspension were added into the culture flask and cells were incubated at 

37 
o
C under 5 per cent CO2 atmosphere. 

3.3.10.  Cytotoxicity Assay  

The cytotoxicity analysis was performed applying WST-1 assay according to 

manufacturer's instructions. Analysis was carried out by the incubation of the cells cultured 

at a density of 10.000 cells per well with DNA tile and free Dox samples. After 24 hours 

incubation, cell medium was removed and WST-1 reagent (10 µL) containing fresh cell 

medium was added to the cells. Cells were incubated for 1 hour at 37 °C in a humidified 

atmosphere under 5 per cent CO2. At the end of incubation, the absorbance values of the 

control and  treatment samples at 450 nm were measured using a microplate reader (BIO-

TEK ELX800, USA). KCjunior software (Winooski, VT) was used for the data analysis. 

3.3.11.  Cellular Uptake of The DNA Tiles 

3.3.11.1.  Cellular Internalization of DNA Tile 

The cellular internalization of DNA tile structures were investigated using 5(6)-

carboxyfluorescein (FAM) dye. BT-474 cells were seeded onto cover slips at the density of  

150.000 cells/slip. After the 24-hours of the attachment, cells were incubated with free 

doxorubicin, 5(6)-FAM, 5(6)-FAM-DNA tile and 5(6)-FAM-Dox-DNA tile structures for 

24 hours at 37 °C and 5 per cent CO2. After the incubation, cells were washed with 10 per 

cent PBS solution three times and fixation was performed with 2 per cent 
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paraformaldehyde solution at 4°C for 30 minutes, than the treated cells were visualized 

using a confocal laser scanning microscope (Leica).   

 

3.3.11.2.  Fluorescence Spectroscopy 

Cellular uptake of Dox was determined using fluorescence spectroscopy. At a density of 

200,000 seeded cells were incubated with free drug and drug loaded modified / unmodified 

DNA tile samples (2 μM final Dox concentration). At the end of the incubation, the cell 

media were removed and the cells were washed with PBS. The cells were harvested and 

harvested cells were incubated at 4 °C for 15 minutes with lysis buffer. Quantities of Dox 

contents in PBS-added cell lysates were determined at 480 nm excitation wavelength using 

fluorescence spectroscopy.   

3.3.11.3.  Flow Cytometry 

Levels of Dox in cells were also examined using flow cytometry. Cells were seeded into 

the 6 well plates at the density of  100.000 cells/well. At a density of 100,000 seeded cells 

were incubated with free Dox and Dox loaded modified/unmodified DNA tile samples (2 

μM final doxorubicin concentration). After incubation, the cell media were removed and 

the cells were washed with PBS. The cells were harvested and harvested cells were 

resuspended in PBS solution. FACSCalibur flow cytometer (BD BIOScience, 342975, 

USA) was used for the analyses. 

3.3.11.4.  Confocal Microscopy  

Intracellular localization of Dox in cells treated with Dox samples (2 μM final Dox 

concentration) was monitored using confocal microscopy. Cells in the coverslips (100,000 

cells/slip) incubated with Dox samples were examined using confocal laser scanning 

microscope (Leica) after fixation. 
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3.3.12.  Internalization Experiments with Inhibitors 

Investigation of uptake way of the DNA tile structures was investigated using sodium 

azide (NaN3, 3 mg/ml), chlorpromazine (15 μg/mL), nocadazole (50 μg/mL), cytochalasin 

B (1 μg/mL) and carbohydrate-based inhibitors (0.2 M). Cells were seeded in 6-well plates 

at a density of 100.000 cells/well and incubated with FBS free cell medium containing 

inhibitors for 30 minutes at 37°C in a 5 per cent CO2 atmosphere. After treatment with 

inhibitors, old cell medium was removed and cells were incubated with fresh cell medium 

containing doxorubicin samples for two hours at 37°C in a 5 per cent CO2 atmosphere. 

After incubation, doxorubicin levels of cells were determined using fluorescence 

spectroscopy as described in section 3.3.11.2. 

3.3.13. Cell Cycle Analysis  

U87 and HeLa cells were seeded in a 6-well plates at a density of 50.000 cells and 

incubated at 37 °C in humidifed atmosphere under 5 per cent CO2 for 24 hours. After the 

cell attachment, cells were incubated with the Dox loaded DNA tile structures 

(with/without modifications) in DMEM High glucose (4.5 g/L) medium for 24 hours. At 

the end of incubation, cell medium was removed and cell layers were rinsed with 1X 

Phosphate-buffered saline (PBS) solution. 2-3 ml of trypsin-EDTA solution was added and 

waited until the cell layer was dispersed (5 minutes at 37 °C). Trypsin activity was 

terminated by the addition of the growth medium of the cells. The detached cells were 

transferred to the centrifuge tubes and cells were collected with centrifugation at 1500 rpm 

for 5 minutes at room temperature. Cells were washed with 1XPBS solution and 

centrifuged at 1500 rpm for 5 minutes. After centrifugation, cell pellet was re-suspended in 

300 µL PBS solution and placed on ice. 700 µL ethanol was added to the each micro 

centrifuge tube and gently mixed. Cells were incubated at -20 °C for two hours. After 

incubation, cells were centrifuged and supernatant was removed. Cells were incubated with 

RNAse (100 µg/ml) solution for 1 hour and centrifuged at 2200 rpm for 5 minutes at + 4 

°C. Propidium iodide staining was carried out for 15 minutes and flow cytometric analysis 

of the cell cycle process was performed. 
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3.3.14.  Western Blot Analysis 

Luciferase expressing MDA-MB-231 cells were seeded in a 6-well plates at a density of 

150.000 cells and incubated at 37 °C in humidified atmosphere under 5 per cent CO2 for 24 

hours. After the cell attachment, cells were incubated with the morpholino containing DNA 

tile structures in FBS free DMEM High glucose (4.5 g/L) medium for 4 hours. At the end 

of incubation, DMEM high glucose medium containing FBS (10 per cent) was added to the 

cells and cells were incubated at 37 °C in humidifed atmosphere under 5 per cent CO2 for 

48 hours. After incubation, cells were washed with 1XPBS solution and centrifuged at 

1500 rpm for 5 minutes. After centrifugation, cells were dissolved in RIPA buffer 

containing protease inhibitors and centrifuged at 14000 rpm for 10 minutes to obtain cell 

lysate. Supernatants were transferred to the new microcentrifuge tubes and protein contents 

of the cells were determined using Bradford assay [234]. Cell lysate samples containing 35 

µg protein were run on SDS-PAGE to monitor luciferase expression levels of the samples. 

After running on SDS-PAGE, proteins were transferred to PVDF membranes and 

incubated with blocking solution, which contains 3 per cent BSA in TBS-T buffer. 

Blocking was performed at room temperature for 1 hour and then membrane was incubated 

with the anti-Firefly Luciferase antibody (abcam, ab181640) in TBS-T at 4 °C overnight. 

GAPDH expression levels of the samples were used as controls for the proper protein 

loading. The western blotting images were taken using a ChemiDoc MP imaging system 

(BioRad, USA). 

3.3.15.  Preparation of The Luciferase Expressing Cell Line 

3.3.15.1.  Transformation of The pGL4.10.[luc2] Vector into The E.coli DH5α Cells and 

Amplification of The pGL4.10.[luc2] Vector 

Amplification of the pGL4.10.[luc2] vector purchased commercially, was performed by 

transformation into E. coli vector DH5α cells. The competent DH5α E.coli cells were 

thawed on ice and incubated with pGL4.10.[luc2] vector for 30 minutes. After incubation, 

cells were incubated at 42 °Cin water bath for 45 seconds and then put again on ice. Cells 

were shaken in the incubator at 37 °C at 180 rpm for an hour with addition of 200 µL of 
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LB medium. At the end of the incubation, bacterial cells were cultivated on LB agar petri 

dishes and incubated at 37 °C for 18 hours. After overnight growth on 1.5 per cent agar 

with 100 µg ampicillin/mL, colonies were picked out and grown in Luria-Bertani medium  

(LB, 10 g/L peptone, 5 g/L yeast extract, and 10 g/L sodium chloride ) with 100 µg 

ampicillin/mL. The next day, single colonies, taken from ampicillin LB agar dishes, were 

amplified in LB medium in the shaking incubator at 180 rpm at 37 °C for 18 hours. After 

cultivation, cells were collected by centrifugation at 10000 rpm (+4 °C). pGL4.10.[luc2] 

vector was isolated from the collected cell pellets using the Invitrogen PureLink Quick 

Plasmid Miniprep isolation kit accordance with the manufacturer's instructions.  

3.3.15.2.  Amplification of The pLenti-Bi-cistronic Vector 

E.coli DH5α cells which were taken from -20 °C stock and containing pLenti-Bi cistronic 

vector were amplified in LB medium at 37 °C at 180 rpm. After cultivation, cells were 

collected by centrifugation at 10000 rpm (+4 °C). pLenti-Bi-cistronic vector was isolated 

from the collected cell pellets using Invitrogen PureLink Quick Plasmid Miniprep isolation 

kit accordance with the manufacturer's instructions. 

3.3.15.3.  Amplification of The CMV VSV-G and Delta VPR  Plasmids  

CMV VSV-G packaging and Delta VPR envelope plasmids were amplified following the 

procedure given in section 2.10.2.  

3.3.15.4.  Digestion of The pLenti-Bi-cistronic and pGL4.10.[luc2] Vectors  

Plasmids pLenti-Bi-cistronic (2 µg) and pGL4.10.[luc2] (2 µg) were digested using BamHI 

(NEB, 1 µL) ve KpnI (NEB, 1 µL) restriction endonuclease enzymes in CutSmart buffer 

(NEB, 10 µL). Digestion reactions were performed at 37°C for an hour with 100 µL final 

volume. The digestion products of the pLenti-Bi-cistronic and pGL4.10.[luc2] vectors 

were separated by gel electrophoresis on 1% agarose. 
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3.3.15.5.  Recovery of The Digestion Products of The pLenti-Bi-cistronic and 

pGL4.10.[luc2] Vectors  

Digestion products of pLenti-Bi-cistronic and pGL4.10.[luc2] cut from the agarose gel and 

purified according to manufacturer's instructions using the Invitrogen PureLink Quick Gel 

Extraction kit. 

3.3.15.6.  Ligation of The Digestion Products  

After the vector and insert DNA have been prepared for ligation, 1:1, 1:3, and 1:5  

vector:insert DNA ratios in order to find the optimum ratio were tested. The ligation of 

digested bands were performed in 20 µL final volume using T4 DNA ligase (1 µL), 

pLenti-Bi-cistronic vector (3 µL), pGL4.10.[luc2] vector (1.2, 3.6, and 6 µL; varying 

amounts of insert), ligation buffer (2 µL), and deionized water (nuclease free) at 22 °C for 

18 hours. At the end of incubation, mixtures of ligation reactions were stopped by  

incubating at 65 °C for 10 minutes. Ligation mixtures in various vector:insert ratios were 

transformed into E.coli DH5α as indicated in section 3.3.15.1.1. After transformation, 

bacterial cells were cultivated on LB agar petri dishes (1.5 per cent agar with 30 µg 

kanamycin/mL) and incubated at 37 °C for 18 hours. The next day, the success of the 

ligations was observed by formation of colonies on LB agar petri dishes (1.5 per cent agar 

with 30 µg kanamycin/mL). 

3.3.15.7.  Amplification of The pLenti-Bi-cistronic-[luc2] Ligation Vector  

The single colonies, taken from LB agar dishes (1.5 per cent agar with 30 µg 

kanamycin/mL), were amplified in LB medium in the shaking incubator at 180 rpm at 37 

°C for 18 hours. After cultivation, cells were collected by centrifugation at 10000 rpm (+4 

°C). pLenti-Bi-cistronic-[luc2] vector was isolated from the collected cell pellets using the 

Invitrogen PureLink Quick Plasmid Miniprep isolation kit accordance with the 

manufacturer's instructions.  
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3.3.15.8.  Lentivirus Transfection and Infection Method  

pLenti-bicistronic-[luc2] vector containing the gene sequence coding for the expression of 

luciferase was transfected into HEK293T cells using the triple plasmid packaging system. 

Transfection was performed using packaging plasmid (Delta VP), envelope plasmid (VSV-

G), CaCl2 (2 M), and 2xHBS (Hepes Buffer Saline) buffer solution. Transfection was 

supplemented with sodium butyrate and viral constructs were collected in the following 

days. The viral structures filtered with 45 µM filter and stored at -80 °C. The viral 

structures which were stored in -80 ° C were concentrated by centrifugation at 24,000 rpm 

for 2 hours at 4 °C. The virus structures were giving the LNCaP and MDA-MB-231 cells 

containing polybrene (4 mg/ml) in 6 well plates and cultured under the humidified 

atmosphere (37°C, 5 per cent CO2) for 24 hours. Antibiotic selection was performed  by 

addition of puromycin (1 mg/ml) to the cells after two days. Two weeks after the addition 

of puromycin, antibiotic selection was completed. After the antibiotic selection, cells were 

grown to the next passage and cultured.  
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4. RESULTS AND DISCUSSION 
 

4.1. FORMATION AND CHARACTERIZATION OF DNA TILE  

DNA origami structures are constructed using a variety of  methods such as the scaffolded 

or multistranded approach, as mentioned earlier in Section 2.3 [27, 28]. In the DNA 

origami approach revealed by Rothemund, a long single-stranded viral DNA is used as a 

scaffold strain and the formation of DNA origami structures in the desired shape and size 

has been accomplished through the folding of the long scaffold strain with the aid of 

multiple short helper chains [13]. To prepare large and complex origami structures, the 

scaffolded approach, which allows the desired structures to be constructed with high 

efficiency, is generally preferred [28].  

The construction of DNA origami structures is generally carried out applying the slowly 

cooling method in specific hybridization buffers. This method also called thermal 

annealing is often preferred for the successful folding of DNA origami structures [235]. In 

the slowly cooling process, the oligonucleotides that will form the origami structure are 

added to the hybridization solution at specific concentrations and the hybridization mixture 

containing oligonucleotides is heated to 95 °C and then slowly cooled to reach the 

designed structure with the minimum energy configuration [235]. During this process the 

oligonucleotides find the complementary sequence, annealing occurs, and the structure 

desired to be formed is folded into the most stable shape.  

The buffer solution system used is also important for the origami formation. TAE buffer 

solution containing Mg
2+

 (TAE-Mg
2+

) is frequently used as a hybridization solution for the 

origami formation. The hybridization efficiency for an optimized structure can be achieved 

by changing the concentrations of the buffer components. Mg
2+

 ions are added into the 

hybridization buffer solution to mask electrostatic charges between neighboring double 

strands [19]. If a buffer system is not suitable, deformations may occur in the targeted 

structure leading to the loss of  integrity of the structure completely. 

In this thesis, a DNA nanostructure in the form of a tile, which can be used for the 

transport of drugs and other therapeutics, was built by the scaffolded approach applying the 
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slowly cooling procedure in the TAE-Mg
2+ 

buffer solution. The DNA tile structure to be 

prepared consists of nine oligonucleotides, which are complementary to each other at 

various points and composed of 36 to 140 bases. The arrangement of these 

oligonucleotides to form the DNA tile is shown in Figure 4.1. 

 

Figure 4.1. The DNA tile structure 

To form the DNA tile construct, these oligonucleotides were added at 1 µM concentration 

to the TAE-Mg
2+

 buffer solution. The hybridization solution containing the oligonucleotide 

mixture was placed in a water bath heated at 95 °C. The water bath was isolated from the 

outside to prevent heat loss, which could cause sudden cooling. In this way, the cooling 

process has been extended to 24 hours. The hybridization solution containing the 

oligonucleotides was cooled to the room temperature for 24 hours. During this process, the 

oligonucleotide consisting of 140 bases folded with the aid of the short eight helper 

oligonucleotides to form the tile-shaped DNA structure, which has eight adhesive 

oligonucleotide sequences, allowing the attachment of modified oligonucleotides for 
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different applications, is obtained. The hybridization solution containing the newly formed 

DNA tile was stored at +4 °C for later use and characterization.  

The characterization of DNA origami structures is generally carried out using microscopic 

and electrophoretic techniques [13, 20, 24, 50, 53, 235-242]. Agarose or polyacrylamide 

gel electrophoresis [20, 236, 237, 242], atomic force microscopy (AFM) [13, 20, 53, 240, 

243], and transmission electron microscopy (TEM) [235, 238, 239, 242] are the common 

techniques applied for the characterization of the DNA constructs. A very detailed 

structural information can be obtained with these techniques. However, each technique has 

its own shortcomings and may not provide sufficient structural information [244]. The 

images obtained with AFM and TEM are important for the characterization of DNA based 

structures. However, these techniques do not have the resolution that can show the errors 

and gaps in DNA structure at base pair level and the necessity of fixing the structures on a 

surface during the analysis is a disadvantage [244]. It is also known that the some 

techniques exhibit disadvantages such as damaging the structural integrity of the DNA 

structures studied [13, 239, 240] and the sample requirements at high concentration and 

volume [24, 50, 241, 244]. Dynamic light scattering (DLS) [24, 50, 241] and fluorescence 

spectroscopy [26, 245-247] are also applied for the characterization of DNA based 

structures. However, both thechniques require high volume and concentration. Cryo-

electron microscopy, which allows analysis of 3D materials, is also among the techniques 

that can be applied for the characterization of DNA constructs without staining or fixation 

[26, 248]. In this thesis, AFM, Agarose Gel Electrophoresis and DLS are the techniques 

used for the chracterization of the constructured structures in a suspension. 

4.1.1.  Agarose Gel Electrophoresis 

As mentioned above, one of the most widely used DNA characterization techniques is gel 

electrophoresis, which is based on electrophoretic mobility of DNA fragments on 

polyacrylamide or agarose gel of the DNA constructs [244]. The gel electrophoresis is a 

technique that can be easily performed in any laboratory environment without the need for 

extra purification steps with a relatively small sample amount. The use of polyacrylamide 

gel or agarose gel electrophoresis is preferred by researchers in order to give a quick 

statement of the degree of DNA structure formation [20, 236]. Depending on the size of 
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the DNA constructs, the mobility to be exhibited on the gel will be different and this 

allows the separation of the DNA constructs. The gel density used in electrophoresis is 

selected depending on the size of the DNA structure to be investigated. For very large 

DNA constructs, 0.3-1% [249] and for smaller constructs 1.5-3% [34, 250] agarose gel is 

prepared.  

The DNA tile formation, which carried out in TAE/Mg
2+

 buffer, was monitored using 

agarose gel electrophoresis. Figure 4.2 shows the agarose gel image indicating the 

formation of the DNA tile structure. Agarose gel at a density of 2 per cent was used to 

visualize the formation of the DNA tile structure. To demonstrate the formation of the 

DNA tile structure, each oligonucleotide, which is a part of the tile structure, was 

sequentially added into the hybridization buffer. In the agarose gel electrophoresis image 

given in Figure 4.2, the line 1 indicates the hybridization mixture containing a single 

oligonucleotide sequence and the line 3, 5, and 9 indicates the hybridization mixtures 

containing three, five, and nine oligonucleotide sequences, respectively. In the figure, with 

the sequential addition of the each oligonucleotide, it is seen that the oligonucleotides are 

gradually hybridized to their complementary sequence and the formation of the tile 

structure takes place in a controlled manner as indicated by the larger spot size. 

 

Figure 4.2. Agarose gel image of the DNA tile formation 

As mentioned earlier, the tile formation was also carried out in a solution containing only 

Mg
2+

 ions. It was observed that the tile formation in the solution containing 12.5 mM Mg
2+ 

was also successful. The agarose gel image belongs to the tile formation attempts 

performed in TAE/Mg
2+

 and Mg
2+

 solutions is provided in Figure 4.3. According to the gel 

electrophoresis image, the experiment carried out in the solution containing only Mg
2+

 ions 
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shown that Mg
2+ 

ions provide the necessary conditions for the tile formation. However, the 

construct was formed with this solution will lack the buffering activity and resistance to the 

nuclease activity. It is important to use EDTA, which inhibits the activity of nucleases by 

making chelates with the bivalent cations required for the activity of the nucleases [251], to 

protect newly formed DNA constructs in the hybridization solution. The use of Tris-base is 

also obligatory for ensuring the buffering effect which is also important for subsequent 

applications. Due to these reasons, the use of TAE/Mg
2+

 buffer solution will be more 

advantageous because of the properties, which it provides, beside the solution containing 

only Mg
2+

. 

 

Figure 4.3. Comparison of tile formation in different buffer solutions. (a) in TAE/Mg
2+

 and 

(b) only Mg
2+

 solution. 

4.1.2.  Atomic Force Microscopy (AFM) Analysis 

Atomic force microscopy is one of the most preferred techniques for the origami 

characterization [244]. AFM analysis, which enables DNA structures to be visualized at a 

resolution range of 5-5000 nm, allows for population analysis of the DNA structures 

examined [244]. In AFM analyses, information is collected by sensing the surface 

topography of a sample using a mechanical tip. However, in the analysis of 3D materials, 

anhydrous imaging conditions and the force of the microscopic cantilever can cause the 

deterioration of the image of a structure [24]. 

The AFM analysis was performed at non-contact mode to determine the size of the 

consructed tile structures and support to the observations with agarose gel electrophoresis. 

2 μL of the DNA tile containing suspension was dropped onto a newly cut mica surface 

and allowed to dry. The droplet area on mica was imaged.  

(A)                                                             B)(a) (b)
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The theoretical dimentions of double helix DNA, the theoretical dimension of a DNA tile 

structure aimed to prepare in this thesis, and a AFM image of a droplet area on a mica 

surface are given in Figure 4.4. The designed DNA tile structure contains 85 bases from 

one end to the other. The theoretical distance between two DNA bases in the DNA helix is 

0.34 nm. In the light of this information, the theoretical size of the DNA tile should be 

around 29  nm. On the AFM image, bright spots are the DNA tile structures and it is seen 

that the majority of the structures are around approximately 64 nm. 

As seen in Figure 4.4, the consistent results with the theoretical values were obtained but 

some structures are higher than the theoretical ones. During the sample preparation for 

AFM analysis (drying on the mica surface), aggregation of the DNA tile structures lead us 

to see bigger particles than the expected size. The presence of incomplete DNA constructs 

and non-hybridizable oligonucleotides also led to the observation of smaller-sized 

structures.  

 

Figure 4.4. The theoretical distance between DNA bases (a),  the theoretical dimension of 

DNA tile structure with schematic representation (b), and the AFM image of the DNA tile 

(Scanning area: 2x2 μm
2
) (c). 

(a)                                                                                                   (b)

(c)
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4.1.3. Dynamic Light Scattering (DLS) Analysis of The DNA Tiles 

Dynamic light scattering (DLS), which measures the Brownian motion of particles in a 

suspension, relates this movement of particles to an equivalent hydrodynamic diameter and 

it is often used in nanoparticle characterization [252]. The determination of the particle size 

is carried out taking advantage of the fluctuations on the light intensities scattered by the 

Brownian motion of the particles. The technique, which require high concentration and 

sample volume, is also used in the characterization of DNA based nanostructures [24, 50, 

241]. 

The DNA tile structure was also characterized using DLS. Figure 4.5 shows the 

hydrodynamic size distribution of the DNA tile structure in its suspension obtained from a 

DLS measurement. The hydrodynamic size of the DNA tile structures found as 

approximately 60 nm, which is compareable to AFM analysis. The hydration layer 

surrounding the tile structure in the aqueous solution causes the analysis results to yield a 

larger than the expected results for the DNA tile structure.  

 

Figure 4.5. The hydrodynamic size distribution of the DNA tile 

4.1.4.  Stability of DNA Tile Structure  

The most important problem that can be encountered in the DNA nanotechnology 

approach is the preservation of DNA based structures stability. DNA and RNA constructs 
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are open to degradation by endo- and exonuclease enzymes. This is an important challange 

to overcome for their in vivo and in vitro applications. The modifications, which protect 

such structures from nuclease activity and maintain their stability without disrupting the 

structure and interaction properties in vivo/in vitro applications, were extensively 

investigated [253-258]. The modifications at ends performed on single-stranded DNA 

strands contribute to the preservation of stability [259]. In this sense, there are studies 

showing that DNA origami structures behave differently from single-stranded double-

stranded DNA constructs to nuclease attacks [242, 260]. DNA origami structures can 

generally maintain their integrity in ambient conditions as demonstrated in previous studies 

[259, 261, 262]. In a study by Mei et al., it was reported that DNA origami structures 

retained their stability in environments such as cell lysate unlike double-stranded DNA 

[262]. They showed that DNA origami structure, which maintains stability at room 

temperature, retains structural integrity in experiments performed with cell lysates obtained 

from healthy and cancer cells.  

Wang et al. reported that when studying the stability of tubular DNA origami structure 

under different ambient conditions, the tubular DNA origami was stable between pH 5-10 

and buffer solution changes such as pH and concentration did not harm the origami 

structure [263]. They also found that the presence of alcohol compounds such as ethanol in 

the environment did not interfere with the origami structure. When the effect of salt 

concentration on origami structure was investigated, it was seen that origami structure 

retained its structure in  up to 3 M NaCl solution and an aggregation was observed at 4 M.  

In this thesis, the stability analysis of the DNA tile was performed by incubating the DNA 

tile structures in fresh cell media or supernatants of cell culture for a certain period of time. 

After the incubation, the samples containing the control groups were loaded into two per 

cent agarose gel to examine whether they retained their integrity. Figure 4.6 shows the 

agarose gel electrophoresis image. As seen in Figure 4.6, the bands remain intact and there 

is not smearing suggesting that the DNA tile constructs retained their stability by 

preserving their size for 24 hours. 
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Figure 4.6.  Gel electrophoresis image showing stability samples of DNA tile in the cell 

medium. (a) Control group, (b) 4 hours, (c) 8 hours, and (d) 24 hours sample.  

DNA tile structure was also incubated with a medium containing cells, which was obtained 

from the supernatants of cells cultured. The examination of the stability of the DNA tile 

construct in the cell lysate may provide insight into the robustness of the construct 

prepared for in vivo applications. Figure 4.7 shows the agarose gel electrophoresis image 

of the DNA tile samples incubated in cell lysates. According to the image, tile samples 

found as stable for 6 hours in cell lysates. It was previously reported that the DNA 

nanostructures, which have more complex structural design and modified at several sites, 

were found to be more stable in environments such as cell lysates for longer periods [242, 

262]. In the direction of the obtained results, it can be possible to perform various 

modifications to improve the stability of the DNA carrier for in vivo applications [253, 

264-271]. The modifications performed in the phosphodiester bond [266, 267], sugar 

moiety [270, 271], and the terminal sites, particularly at the 3 'end [264, 268, 269], will 

provide resistance to nuclease activity and thus allows the retention of more stable DNA 

nanostructures in vivo conditions. 

 

Figure 4.7.  Gel electrophoresis image showing stability samples of DNA tile the in cell 

lysate. (a) Control group, (b) 2 hours, (c) 4 hours, and (d) 6 hours sample. 

Ori A Ori B Ori C Ori D Ori E

0    4h  6h 24h 0   4h  6h 24h 0   4h  6h 24h 0    4h  6h 24h 0   4h  6h 24h

(A)       (B)       (C)       (D)(a)        (b)        (c)       (d)

(a)         (b)        (c)         (d)
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4.2.  DOXORUBICIN INTERCALATION AND LOADING EFFICIENCY 

As noted in Section 2.6.3, the delivery of Dox, a drug with a high toxicicity, using various 

nanostructures to diminish the adverse side effects and enhance cellular uptake has been 

investigated in many studies [215]. Dox is an anthracycline-type drug that can intercalate 

into the DNA [272]. Intercalation capability of Dox allows the loading of Dox into DNA-

based carriers without complex reactions. Intercalation of Dox with the DNA based carrier 

systems, such as triangle, tube and aptamer conjugated DNA icosa has also been carried 

out [43, 272, 273]. In this thesis, Dox was intercalated into the DNA tile. Intercalation of 

Dox into the DNA tile structure was accomplished by overnight incubation of Dox with the 

DNA tile structure. When Dox was incubated with the DNA tile, DNA tile-Dox conjugate 

formed. The DNA tile-Dox conjugate was obtained as a red precipitate by centrifuging the 

incubation mixture and the amount of Dox intercalated into the DNA structure was 

calculated based on the amount of the free Dox remained in the incubation solution.  

UV/Vis spectroscopy is often used to examine the interaction of nucleic acids with a 

variety of molecules including drugs [274]. UV-Vis spectrum of the free Dox and the DNA 

tile-Dox conjugates is shown in Figure 4.8. The interactions between DNA and the 

molecules containing chromophore groups can lead to changes in their absorption spectra, 

and these observed spectral changes can give information about the nature of the 

interaction [275]. The interaction between DNA and drug molecules can result in red 

shift/blue shifts and hyper/hypochromic effects [275, 276]. As seen in Figure 4.8, the max 

absorbance of free Dox solution is at 480 nm while doxorubicin-DNA tile-Dox conjugate 

has an absorbance at 496 nm. The distance between the intercalating molecule and the 

bases in the helix leads to the observation of spectral changes. A red shift with the 

decreasing absorption intensities is usually related to the intercalation involving DNA 

bases [277]. The coupling of π electrons of Dox and DNA and the interaction of empty π* 

orbitals of the Dox with the π orbital of DNA bases cause the decrease in the π- π* 

transition energy and a red shift occurs [278]. The decrease in intensity after intercalation 

has also been observed in fluorescence spectroscopy analysis of such molecules having a 

fluorophore [278, 279]. 
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Figure 4.8. UV-visible absorption spectra of free Dox (blue line) and DNA tile-Dox 

complex (red line) (a) and red DNA tile-Dox precipitate (b). 

Next, the doxorubicin loading efficiency was studied. For this, at a fixed doxorubicin 

concentration and increasing DNA tile concentrations, doxorubicin loading efficiency was 

determined using UV-Vis spectroscopy.  

Figure 4.9 shows the doxorubicin loading efficiency with increasing DNA tile 

concentration obtained with UV-Vis spectroscopy. The initial doxorubicin concentration 

was determined as 80 µM. The origami concentration was measured as 138 ng/µL using 

nanodrop, which is a compact spectrophotometer that performs accurate and reproducible 

measurements.  

In the experiment, the DNA tile structure in the range of 3.46-420,76 ng/µL was incubated 

in TAE buffer solution with 80 µM Dox. The DNA tile-Dox conjugate, which formed at 

the end of the incubation, was precipitated and the loading efficiency of Dox with 

increasing DNA tile construct amount was determined by UV-Vis spectroscopy at 480 nm. 

As seen in Figure 4.9, there is an increasing trend with the increased origami amount 

indicating that more Dox intercalates into the DNA tile structure.  

 

(a) (b)
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Figure 4.9. Dox loading efficiency with increasing DNA tile amount 

In the second experiment to determine the Dox loading capacity of the DNA tile 

constructs, a constant amount of the DNA tile was incubated with the increasing 

concentrations of Dox. Figure 4.10 shows the Dox loading efficiency with increasing Dox 

amount. As shown in Figure 4.10, as the Dox concentration is increased, the number of 

Dox molecules intercalating into the DNA tile structure increases until a concentration 

around 100 μM. Then, the number of Dox intercalated decreases with the increasing 

concentration.  

This observation brings the integrity of the origami structure into question. Thus, the 

stability of the DNA tile at increased Dox was investigated. It was found that the tile 

structure was disassembled after 300 μM of Dox concentration, which explains the 

observed absorbance decrease of DNA-Dox adduct at the concentrations higher than 100 

μM. The experiments supporting this statement are presented in the text section. Another 

reason for the decreased in loading efficiency could be released Dox from the tile structure 

as a result of neutralization of DNA structure as Dox binds electrostatically, which is 

thought to be the first step of the intercalation [280]. 
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Figure 4.10. Dox loading efficiency with increasing Dox concentrations 

4.3. STABILITY OF DNA TILES AT INCREASING CONCENTRATIONS OF 

DOXORUBICIN 

The constructs can be destabilized when they are loaded with Dox. Thus, their stability 

after the loading was studied to assure that they could be used for the delivery purpose. 

The stability of the DNA tile structure was determined using agarose gel electrophoresis at 

increasing concentrations of Dox. DNA tile constructs were incubated with Dox for 24 

hours in the range of 200-500 μM. After incubation, the DNA tile-Dox structure recovered 

from the incubation medium by centrifugation and was loaded on a 2 per cent agarose gel 

to observe possible changes in DNA tile structure. Figure 4.11 shows the agarose gel 

images of DNA tile constructs incubated with Dox at high concentrations. According to the 

agarose gel image given in Figure 4.11, the concentrations of Dox greater than 300 μM 

caused deterioration of the DNA tile structure. At concentrations lower than 300 μM, it 

was observed that the DNA tile construction retained its stability. This result shows that 

the concentration of 100 μM used in Dox loading is not a negative effect on DNA tile 

structure. 
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Figure 4.11. Agarose gel image of the stability analysis of the DNA tile structure at 

different Dox concentrations. DNA tile without Dox incubation (a), DNA tile structure 

incubated with 200 µM Dox (b), 300 µM Dox (c), 400 µM Dox (d), and 500 µM Dox (e).  

4.4. SYNTHESIS AND CHARACTERIZATION OF MODIFIED 

OLIGONUCLEOTIDES 

4.4.1.  Carbohydrate Modification 

As explained above, the attachment of a targeting moiety may increase the cellular uptake 

and localization of the drug loaded DNA tile structure. In this thesis, the modification of 

the DNA tile structure with targeting agents, lactose, folic acid, and RGD peptide is aimed. 

Thus, oligonucleotides complementary to the sticky ends of the DNA tile structure was 

modified with these targeting agents and hybridized to the DNA tile. The first targeting 

agent for this purpose was lactose. The synthesis of DNA-carbohydrate structures is 

complicated by the necessity of complex protection reactions and modifications that 

provide reducing end conservation [233]. The one-step reductive amination reaction, which 

does not require protection reactions, provides great convenience for the synthesis of the 

DNA-carbohydrate conjugates [233, 281]. It has been reported that aldehyde sugars can be 

linked by reductive amination with molecules containing amine groups [282]. The reaction 

rate can be modified with pH, reaction temperature, and borate ion concentration. Sodium 

cyanoborohydride (NaBH3CN) is the most preferred hydride for reductive amination 

(a)      (b)     (c)      (d)      (e)   
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reaction due to its stability in acidic environment and solubility in many solvents [283, 

284]. However, NaBH3CN is not preferred in large-scale synthesis reactions due to the 

formation of toxic products [285]. The covalent attachment of lactose to the end of a 

oligonucleotide, which is complementary to one of the sticky ends of the DNA tile, was 

performed applying the reductive amination procedure. For the synthesis of lactose 

modified oligonucleotide, lactose (20 mM), 5'-aminohexyloligonucleotide (50 μM), and 

sodium cyanoborohydride (250 mM) were incubated in a sodium borate buffer solution for 

18 hours at 60 °C. The reductive amination reaction, which allows the direct coupling of 

lactose and 5'-amine modified oliogonucleotide, is shown in Figure 4.12.  

 

Figure 4.12.  Synthesis of the lactose modified oligonucleotide 

After the reaction, an ultracentrifuge column was used to remove unreacted chemicals. The 

samples obtained after centrifugation process was characterized with agarose gel 

electrophoresis and FT-IR analysis. The structure MALDI-TOF MS analysis was also tried 

for the characterization of the modified oligonucleotides and the results obtained are 

presented in the next section.  

After the incubation, the reaction sample was run on 2 per cent agarose gel to monitor the  

molecular weight increase of modified oligonucleotides. Figure 4.13 shows the comparison 

of starting oligonucleotide and the carbohydrate modified oligonucleotide from the 5'-

amine-oligonucleotide with the addition of carbohydrate molecule. In Figure 4.13, the line 

a indicates the DNA marker. The line b and c shows the pure 5'-amine-oligonucleotide and 

the lactose modified thymine oligonucleotide, respectively. As seen in Figure 4.13, the 

addition of lactose moiety to the 5'-amine-oligonucleotide caused the increase on its 

molecular weight and the modified oligonucleotide migrated slower than the pure 

oligonucleotide. 
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Figure 4.13. The reductive amination monitored by agarose gel electrophoresis. (a) 

Marker, (b) The pure 5'-amine-T14, and (c) the lactose modified-T14 oligonucleotide. 

IR spectroscopy was also used for the characterization of the lactose modified 

oligonucleotide. The pure starting material, lactose, and the reaction products of the 

oligonucleotide modification reactions were analyzed using FT-IR spectroscopy (Figure 

4.14). FT-IR spectra of the pure lactose and the lactose modified oligonucleotide are 

shown in Figure 4.14 The characteristic peaks indicated in the literature are observed in the 

spectra of the pure lactose and the reaction product. The C-O-C bond stretching and 

bending frequencies, belonging glycosidic bond, were observed around 1100 cm
-1

 and 800 

cm
-1

. The carbohydrate peaks observed between 1150-1030 cm
-1

 indicate the 

intermolecular stretching of C-O-C ether bond. The peaks observed around 2920 cm-1 

indicates the presence of aromatic groups and methylene groups. According to the FT-IR 

spectra of the pure lactose and the lactose modified oligonucleotide samples given in 

Figure 4.14, the peak observed between 1650-1580 cm
-1 

can be attributed to N-H 

vibrations and the peak observed between 1250-1020 cm
-1

 can originate from the C-N 

vibrations.  

(a)       (b)      (c)
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Figure 4.14. FT-IR spectra of the pure lactose and the lactose modified T14 oligonucleotide.  

The different carbohydrate molecules were also used for the oligonucleotide modification 

taking into account the positive effect of the lactose modification on the cellular uptake of 

the drug loaded system. The carbohdyrates, glucose, maltose, and mannose,  were used in 

the oligonucleotide modification and the modified oligonucleotides were characterized by 

the agarose gel electrophoresis.  

The agarose gel image of the oligonucleotides modified with glucose, maltose and 

mannose is shown in Figure 4.15. In Figure 4.15, the line a indicates the pure 5'-amine-

thymine oligonucleotide (14 mer). The  line b, c, and d indicates the glucose, maltose and 

mannose modified thymine oligonucleotides, respectively. As shown in Figure 4.15, 

addition of the carbohydrate moieties to the 5'-amine-oligonucleotide caused the increase 

on their molecular weights and the modified oligonucleotides migrated slower than the 

pure oligonucleotide. 
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Figure 4.15. Agarose gel image of the oligonucleotides modified with sugar moieties: (a) 

Pure Thymine14, (b) Glucose- Thymine14, (c) Maltose- Thymine14, and (d) Mannose 

Thymine14. 

4.4.2. Folic Acid and RGD Modification 

Folic acid and RGD peptide targeting agents, frequently used in targeting studies, were 

covalently linked to complementary oligonucleotides of the DNA tile constructs to 

enhance the cellular uptake of the DNA tile construct. Modification of the oligonucleotides 

with folic acid and RGD peptide targeting agents was performed using DCC/NHS 

chemistry.  

Dicyclohexyl carbodiimide is a reactant used in the cross-linking reaction of carboxylic 

acid compounds with amine compounds carried out in an organic solvent [286]. Insertion 

of NHS and Sulfo-NHS compounds to reactions carried out with EDC/DCC enhances 

reactivity and allows the activated molecules to be stored for further studies [287]. The 

carbodiimidecompound interacts with the carboxyl group  to give the O-acylisourea 

intermediate [288, 289], which undergoes reaction with the amine compound to perform 

synthesis of the targeted amide compound [290]. The carboxylic acid compound activation 

and the coupling of amine compound reaction are shown in Figure 4.16.  

1                          2             3             4            5

(a)                      (b)          (c)        (d)         (5)   
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Figure 4.16. NHS ester formation with (a) NHS and (b) sulfo-NHS and coupling of amine 

compound.  

The carboxylate groups of the folic acid and RGD peptide were activated by N-

hydroxysuccimide (NHS) and dicyclohexylcarbodiimide (DCC). The activated compounds 

were reacted with amine-modified oligonucleotides. In Figure 4.17 and 4.18, the reaction 

schemes of the oligonucleotides with folic acid and RGD peptide are shown. 
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Figure 4.17.  Synthesis of the folic acid modified oligonucleotide: (1) Folic acid, (2) Folic 

acid NHS ester, and (3) Folic acid modified oligonucleotide. 
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Figure 4.18. Synthesis of the RGD modified oligonucleotide. 

The samples taken from the reaction mixtures were analyzed with the agarose gel 

electrophoresis. Agarose gel electrophoresis was carried out in 2 per cent agarose gel. 

Figure 4.19 shows the agarose gel image of the oligonucleotides modified with folic acid 

and RGD peptide. In the agarose gel electrophoresis image given in Figure 4.19, the line a 

indicates the pure 5'-amine-thymine oligonucleotide (14 mer), the line b and c indicate the 

RGD peptide and the folic acid modified thymine oligonucleotides, respectively. As shown 

in Figure 4.19, the addition of the folic acid and RGD peptide moieties to the 5'-amine-

oligonucleotide caused an increase in their molecular weights and the modified 

oligonucleotides migrated slower than the pure oligonucleotide. 
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Figure 4.19. Agarose gel image of the oligonucleotides modified with folic acid and RGD 

peptide. (a) Pure Thymine14, (b) RGD peptide modified Thymine14, and (c) folic acid 

modified Thymine14. 

The starting materials and the reaction products of the oligonucleotide modification 

reactions, which were carried out using folic acid and RGD peptide, were analyzed using 

FT-IR spectroscopy. FT-IR spectra of the pure folic acid and RGD peptide with modified 

oligonucleotide structures are given in Figure 4.20.  

The bands, which belong to pteroyl ring (-NH) and glutamic acid residues (-OH), of the 

folic acid were clearly seen in the spectrum of pure folic acid (Figure 4.20-a) between 

3600-3400 cm
-1

. The band of the C = O group was observed around 1690 cm
-1

, while the 

bands were seen around 1510 to 1480 cm
-1

 were specific bands of the folic acid, which 

originates from the pteroyl and phenyl rings. 1670 and 1380 cm
-1

 amide bands are the 

characteristic bands specific to the RGD peptide and were seen in the FT-IR spectrum of 

the RGD peptide modification product. The sharp bands observed around 2900-2800 cm
-1

 

in the spectra of folic acid and RGD peptide modification products may belong to the 

methylene residues in the -(CH2)6 linker of the oligonucleotides used in the modification 

reactions. 

(a)          (b)           (c)
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Figure 4.20. FT-IR spectrum of the pure folic acid (a) and RGD peptide (b) with modified 

oligonucleotide structures. 

4.4.3.  5(6)-Carboxyfluorescein (5(6)-FAM) Modification 

5(6)-Carboxyfluorescein is a dye, which is used in internalization or membrane 

permeability studies due to membrane impermeant character, containing carboxyl groups 
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[291, 292]. The molecular structure of the 5(6)-FAM is shown in Figure 4.21. The dye, 

which by itself cannot pass through the cell membrane, was used as an indicator to confirm 

the intracellular uptake of the DNA tile structure. 

 

Figure 4.21. Molecular structure of the 5(6)FAM dye. 

The 5(6)-Carboxyfluorescein modified oligonucleotide to be used in the internalization 

assay was also synthesized using the carbodiimide chemistry. The FAM modified 14 mer 

thymine oligonucleotide obtained at the end of the reaction was imaged by loading 2 per 

cent agarose gel. The pure 14 mer thymine oligonucleotide and the 5(6) FAM stain were 

also loaded to the gel together with the reaction product and the possible differences 

between the molecular weights were observed.  

Figure 4.22 shows the agarose gel image of the pure thymine oligonucleotide (14 mer) 

(line 1), the 5(6)FAM modified oligonucleotide (line 2 and 4), and the pure 5(6)FAM dye. 

The agarose gel image given in Figure 4.22-a shows the pure oligonucleotide (line 1) and 

the 5(6)FAM modified oligonucleotide (line 2). The pure 5(6)FAM dye and (line 3) the 

5(6)FAM modified oligonucleotide (line 4) are shown in Figure 4.22-b. As shown in 

Figure 4.22, addition of the FAM dye to the 5'-amine-oligonucleotide caused the increase 

on its molecular weight and the FAM modified oligonucleotide migrated slower than the 

pure oligonucleotide and the FAM dye. 
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Figure 4.22. Agarose gel image of the the pure Thymine oligonucleotide (14 mer) (line 1), 

the 5(6)FAM modified oligonucleotide (line 2 and 4), and the pure 5(6)FAM (line 3).  

4.4.4. MALDI-TOF MS Analysis 

Matrix-assisted laser desorption/ionization time off flight mass spectroscopy (MALDI-

TOF MS)  is a frequently used analytical technique for the analysis of biomolecules due to 

its speed, sensitivity and reliability [293]. Thus, MALDI-TOF MS is preferred in 

molecular biology applications and genetic researches [294-314]. Single nucleotide 

polymorphism [309-314], nucleic acid sequencing [300, 302, 304-308], oligonucleotide 

analysis [294, 295, 297, 298, 315], etc.are the application areas of MALDI-TOF MS. 

 MALDI-TOF MS analysis was also performed for the characterization of the modified 

oligonucleotides. The analyses of oligonucleotides with MALDI-TOF MS are complicated 

due to the fragmentation and multi-ion production during the ionization of oligonucleotides 

[316]. These can prevent the exact mass determination of the samples and reduces the level 

of sensitivity of the analysis. The complexity of the spectra obtained and the low signal 

intensity are the results of the fragmentation observed during ionization.  

Different compounds such as 2',4',6'-trihydroxyacetophenone [317], 6-aza-2-thiothymine 

(ATT) [318], picolinic [319] and anthranilic acids [320] are used as matrix materials in 

analysis. Determination of the proper matrices to overcome an undesired situation is 

important for oligonucleotide analysis. The use of such matrices leads to transfer of the 

only required energy for the ionization of sample and reduces the fragment formation. 3-

Hydroxypicolinic acid (3-HPA) is one of the matrices with this property [316].  

(a)                                       (b)1          2                                         3        4  
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In addition to the appropriate matrices, the use of additives such as diammonium hydrogen 

citrate [321], ammonium citrate [318], and fucose [322] to improve the quality of the 

analysis is also available in the literature. The presence of additional compounds such as 

diammonium hydrogen citrate also obstructs binding of sodium and potassium ions to 

phosphate groups of oligonucleotides and formation of adducts. The matrix materials and 

the additives for the oligonucleotide analysis are given in Table 4.1. 

Table 4.1. The matrix materials and the additives for the oligonucleotide analysis 

Matrix for the oligonucleotide analysis Additive Reference 

3-Hydroxypicolinic acid (3-HPA) - [315, 318, 323] 

3-Hydroxypicolinic acid Diammonium hydrogen citrate [322] 

Quinaldic acid Ammonium citrate [324] 

2,4,6-Trihydroxyacetophenone (THAP) - [317, 318] 

2,4,6-Trihydroxyacetophenone Ammonium citrate [317] 

5-Methoxysalicylic acid Spermine [322] 

3,4-diaminobenzophenone (DABP) - [325] 

Ferulic acid - [323] 

2,5-dihydroxybenzoic acid (DHB) - [323] 

6-Aza-2-thiothymine (ATT) - [326] 

3-Hydroxypicolinic acid Fucose, sucrose, trehalose [327] 

3-Hydroxycoumarin (3-HC) Diammonium hydrogen citrate [328] 

3‐aminopicolinic acid (3-APA) - [297] 

3-Hydroxypicolinic acid & picolinic acid - [319] 

 

2,5-dihydroxybenzoic acid (DHB), α-cyano-4-hydroxycinnamic acid (CHCA),  sinapinic 

acid (SA), and 3-Hydroxypicolinic acid (3-HPA) matrices were used for the determination 

of the exact mass of modified oligonucleotides. The low signal intensities were observed in 

analyzes with DHB, CHCA and SA matrices. The molecular peaks of the pure and the 

modified oligonucleotides could not be observed and the bands on the spectra were at the 

noise level.  

The analysis was repeated using 3-HPA matrix recently proposed for the oligonucleotide 

analysis [315, 318, 323]. As previously mentioned, it was thought that better quality 

spectra could be obtained by using a matrix to provide adequate energy preventing the 



72 

 

 

fragmentation  such as 3-HPA. The spectra of pure and modified forms of two 

oligonucleotides, 5'-NH2-TTTTTTTTTTTTTT and 3'-NH2-CTCGTAAAAAAAAA were 

obtained with MALDI-TOF MS. The theoretical ? molecular weights of these pure 

oligonucleotides were 4376.2 and 4452 Da, respectively. The spectra of these 

oligonucleotides are given in Figure 4.23 and 4.24. The use of 3-HPA as a matrix did not 

prevent problems such as fragmentation and low signal level in the spectra of the pure 

oligonucleotides that were used as standards. Figure 4.23-a shows MALDI-TOF mass 

spectrum of the 5'-NH2-(T)14 oligonucleotide obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4100 Da to 4600 Da. Figure 4.23-b shows the 

expantion of the 4370-4380 Da region of the spectra  presented on Figure 4.23-a. A peak at 

about 4375 Da was observed but it was not possible to distinguish it from the niose.   

 

Figure 4.23. The MALDI-TOF mass spectrum of the 5'-NH2-(T)14 oligonucleotide obtained 

from a MALDI target preparation with 3-HPA matrix in the mass range of  4100 Da to 

4600 Da (a) and 4370 Da  to 4400 Da (b). 

(a)

(b)
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Figure 4.24-a shows MALDI-TOF mass spectrum of the 3'-NH2-CTCGT(A)9 perepared 

with 3-HPA matrix in the mass range of  4470 Da to 4780 Da. Figure 4.24-b shows the 

expanded portion of Figure 4.24-a. The theoretical molecular weight expected for the 3'-

NH2-CTCGT(A)9 oligonucleotide was 4452 Da. It was seen that the adduct containing 

sodium and potassium ions may have formed while the expected molecule mass value was 

not observed. The molecular weight of Na
+ 

and K
+ 

added adduct should be 4514 Da and 

the observed value in the spectrum was 4517 Da. 

 

Figure 4.24. The MALDI-TOF mass spectrum of the 3'-NH2 -CTCGT(A)9 obtained from a 

MALDI target preparation with 3-HPA matrix in the mass range of  4470 Da to 4780 Da 

(a) 4500 Da  to 4530 Da (b). 

(a)

(b)
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The mass spectra of monolactosylated oligonucleotides obtained by reductive amination 

are given in Figure 4.25 - 4.27. The spectrum of the bislactosylated oligonucleotide is 

given in Figure 4.28. The spectra of the monomaltosylated and bismaltosylated 

oligonucleotide are shown in Figure 4.29 and Figure 4.30, respectively. The 

monoglucosylated oligonucleotide spectrum is shown in Figure 4.31.  

The theoretical molecular weight calculated for the Lac-NH-(CH2)6-(T)14 was 4701.8 Da. 

This expected value in the spectrum was observed together with low signal intensities and 

multiple fragment formation. Figure 4.25 and Figure 4.26 shows the MALDI-TOF mass 

spectrum of the monolactosylated 14 mer thymine oligonucleotide.  

 

Figure 4.25. The molecular structure of the Lac-NH-(CH2)6-(T)14  and the MALDI-TOF 

mass spectrum of the Lac-NH-(CH2)6-(T)14 obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4690 Da  to 4720 Da. 

(a)

(b)
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Theoretical value for the modified oligonucleotide was observed in mass spectrum as 

4701.47 and 4701.68 Da, respectively. In Figure 4.26, it is also observed that sodium 

adduct (4724 Da) could have formed at the same time. 

 

Figure 4.26. The molecular structure of the Lac-NH-(CH2)6-(T)14 and the MALDI-TOF 

mass spectrum of the Lac-NH-(CH2)6-(T)14 obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4690 Da  to 4730 Da. 

(a)

(b)
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The theoretical molecular weight calculated for the Lac-NH-(CH2)6-CTCGT(A)9 was 4778 

Da. The MALDI-TOF mass spectrum of the monolactosylated CTCGT(A)9 

oligonucleotide is given in Figure 4.27 and the theoretical value for the modified 

oligonucleotide is observed in mass spectrum as 4778.96 Da. 

 

Figure 4.27. The molecular formula of the Lac-NH-CTCGT(A)9 and the MALDI-TOF 

mass spectrum of the Lac-NH-CTCGT(A)9 obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4770 Da  to 4790 Da. 

(a)

(b)
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The theoretical molecular weight calculated for the Lac2-N-(CH2)6-(T)14 was 5027 Da. 

Figure 4.28 shows the MALDI-TOF mass spectrum of the bislactosylated 14 mer thymine 

oligonucleotide. Theoretical values for the modified oligonucleotide and the possible 

sodium adduct was observed in mass spectrum as 5026 and 5050 Da, respectively. 

 

Figure 4.28. The molecular structure of the Lac2-N-(CH2)6-(T)14 and the MALDI-TOF 

mass spectrum of the Lac2-N-(CH2)6-(T)14 obtained from a MALDI target preparation with 

3-HPA matrix in the mass range of  5000 Da  to 5060 Da. 

(a)

(b)
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Figure 4.29 shows the MALDI-TOF mass spectrum of the monomaltosylated 14 mer 

thymine oligonucleotide. The theoretical molecular weight calculated for the Mal-NH-

(CH2)6-(T)14 was 4701.8 Da. This expected value was seen in the spectra as 4701.74 Da.  

 

Figure 4.29. The molecular structure of the Mal-NH-(CH2)6-(T)14 and the MALDI-TOF 

mass spectrum of the Mal-NH-(CH2)6-(T)14 obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4690 Da  to 4730 Da.  

(a)

(b)



79 

 

 

Figure 4.30 represents the MALDI-TOF mass spectrum of the bismaltosylated 14 mer 

thymine oligonucleotide. The theoretical molecular weight calculated for the Mal2-N-

(CH2)6-(T)14 was 5027 Da. This expected value is seen in the spectra as 5027.81 Da.  

 

Figure 4.30. The molecular structure of the Mal2-N-(CH2)6-(T)14 and the MALDI-TOF 

mass spectrum of the Mal2-N-(CH2)6-(T)14 obtained from a MALDI target preparation with 

3-HPA matrix in the mass range of  5020 Da  to 5035 Da. 

The MALDI-TOF mass spectrum of the monoglucosylated CTCGT(A)9 oligonucleotide is 

shown in Figure 4.31. The theoretical molecular weight calculated for the Glu-NH-(CH2)6- 

CTCGT(A)9 was 4617 Da. This expected value is seen in the spectra as 4617.32 Da.  

(a)

(b)
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Figure 4.31. The molecular structure of the Glu-NH-CTCGT(A)9  and the MALDI-TOF 

mass spectrum of the Glu-NH-CTCGT(A)9 obtained from a MALDI target preparation 

with 3-HPA matrix in the mass range of  4610 Da  to 4625 Da. 

 

(a)

(b)
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4.5.  CYTOTOXICITY OF THE DNA TILE STRUCTURES ON CELL VIABILITY  

The ideal drug delivery system should be non-toxic, biocompatible, and not immuno 

reactive [329]. DNA is a biomacromolecule with all these properties and therefore 

constructs made using DNA are expected to have these desired properties. The cytotoxicity 

of the DNA tile on the cell viability were determined applying WST-1 cell viability assay. 

The cell viability test performed with WST-1 colorimetric assay provides information 

about the presence of viable cells by quantifying tetrazolium salts converted by 

mitochondrial enzyme activity. By measuring the conversion of tetrazolium salts to 

formazan dye via enzyme activity and measuring the absorbance of the formed formazan 

dye at 450 nm, the number of metabolically active cells is determined.  

The cells were incubated with free Dox and the modified and unmodified Dox loaded 

DNA tile (DNA tile-Dox) constructs at 37 °C in a humidified atmosphere under 5 per cent 

CO2 for 24 hours. After the incubations, the WST-1 cell viability assay procedure was 

applied. Figure 4.32 shows the cell viability of MDA-MB-231 cells for 24 hours 

incubation with free drug and DNA tile-Dox samples. When the DNA tile concentration 

was studied at a concentration range of 50-400 nM, the DNA tile structure showed no 

cytotoxicity on MDA-MB-231 cells. 

 

Figure 4.32. Cytotoxicity of the DNA tile structure on MDA-MB-231 cells 

The cytotoxicity of Dox and the DNA tile-Dox constructs was also studied on HeLa cells. 

Figure 4.33 shows the cytotoxicity of free Dox and the DNA tile-Dox on HeLa cells. When 
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the toxicities of Dox and the DNA tile-Dox on HeLa cells were examined between 0.1-15 

μM concentration range, it was observed that the DNA tile structure has less negative 

effect on cell viability than the free Dox at the studied concentration range. The cell 

viability at 15 μM Dox was found as 7 per cent for free Dox and 20 per cent for theDNA 

tile-Dox. It was found that at lower concentration values, the cell viability was above 50 

per cent and a significant decrease on the cell viability was observed after 7.5 μM. 

 

Figure 4.33. The cytotoxicity of free Dox and DNA tile-Dox on HeLa cells.  

The DNA tile-Dox shows a similar cytotoxicity with free Dox. Figure 4.34 shows the 

comparision of the viability of MDA-MB-231 cells upon exposure to DNA tile-Dox, 

lactose modified doxorubicin loaded DNA tile (DNA tile-Dox-Lac) and free Dox with 

increasing concentrations for 24 hours incubation.  

It is observed that the viability of MDA-MB-231 cells treated with free Dox and DNA tile-

Dox was in the level of 53-54 per cent at 1.25-5 µM Dox. The cell viability is observed in 

the level of 60 per cent in cells incubated with the DNA tile-Dox-Lac at the same 

concentration values.  

Control 0.1              0.5               1                7.5               15 
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Figure 4.34. Cytotoxicity of free Dox and the DNA tile-Dox structures with/without 

lactose modification on MDA-MB-231 cells.  

The toxicity of the DNA tile-Dox system, modified with other targeting agents RGD 

peptide and folic acid, was also studied on MDA-MB-231 cells. The cytotoxicity graphs of 

the folic acid modified Dox loaded DNA tile (DNA tile-Dox-Fol) and RGD peptide 

modified Dox loaded DNA tile (DNA tile-Dox-RGD) on MDA-MB-231 cells are given in 

Figure 4.35. The cellular viability was found as  50 per cent at 10 μM Dox concentration.  
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Figure 4.35. The cytotoxicity of DNA tile-Dox- Fol (a) and DNA tile-Dox-RGD (b) on 

MDA-MB-231 cells.  

The drug retained its activity after intercalation into the DNA tile construct and 

modification with the lactose, biomolecule, was found to reduce the toxicity of drug to 

some extent. 

4.6.  INTERNALIZATION OF DNA TILE 

Internalization of the DNA tile construct by the cells was investigated using the 5(6)-FAM 

dye, which normally does not pass through the membrane, with increasing incubation 

times. BT-474 cancer cells were seeded onto cover slips at a density of  150.000 cells/slip. 

After the attachment, the cells were incubated with free Dox, 5(6)-FAM, 5(6)FAM 

modified DNA tile (5(6)-FAM-DNA tile), and 5(6)FAM modified Dox loaded DNA tile 
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(5(6)-FAM -DNA tile-Dox) structures for 2-24 hours at 37 °C and 5 per cent CO2. At the 

end of the incubation periods, the cells were exposed to fixation procedure, and then fixed 

cells were monitored by confocal microscopy. The confocal microscopy images of BT-474 

cells incubated with 5(6)-FAM-DNA tile and 5(6)-FAM-DNA tile-Dox tile are shown in 

Figure 4.36. When BT-474 cells were incubated with 5(6)-FAM-DNA tile and 5(6)-FAM- 

DNA tile-Dox constructs for 2 hours, DNA tile structures were accumulated around the 

cell membrane.  

 

Figure 4.36. Confocal microscopy images of BT-474 cells incubated with 5(6)-FAM-DNA 

tile (a) and 5(6)-FAM- DNA tile-Dox for 2 hours (b). 

When the incubation time was extended to 24 hours, free Dox, 5(6)-FAM-DNA tile, and 

5(6)-FAM- DNA tile-Dox structures were uptaken by BT-474 cells. 5(6) FAM dye was not 

uptaken by the cells and continued to accumulate around the cell membrane (Figure 4.37). 

These results confirmed that the DNA tile structure is taken up by the cells. 
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Figure 4.37. The confocal microscopy images of BT-474 cells incubated with free Dox (a), 

5(6)-FAM (b), 5(6)-FAM-DNA tile (c) and 5(6)-FAM-DNA tile-Dox (d) structures for 24 

hours. 

 

 

(a)                                                     (b)

(c)                                                     (d)
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4.7. CELLULAR UPTAKE OF MODIFIED DNA TILE-DOXORUBICIN 

4.7.1. Fluorescence Spectroscopy Analysis 

Bio- or synthetically-produced macromolecules are intensively investigated in drug 

delivery systems [330]. Conjugations of different ligands to these macromolecules help to 

reduce the potential side effects of drugs by inhibiting passive diffusion of drug molecules 

into the cells and provide reduced distribution and toxicity [331]. The cellular uptake 

pathway of a gene carrier is a determining factor in the development of carrier systems. It 

is clear that the carrier structures designed by considering the mechanism of cellular 

internalization processes will be more effective for carrier structures. Particularly, addition 

of a targeting molecule to the macromolecular structure enhances the efficiency of a carrier 

system. In this sense, carbohydrate molecules are used as effective targeting agents in drug 

delivery systems. Many studies have been reported showing the modification studies of 

carbohydrate molecules have even affected the cellular uptake and intracellular distribution 

of nanobased systems [332-338].  

In accordance with this purpose, DNA tile-Dox system was modified with lactose 

molecule, and the effect of the modification on the cellular internalization was 

quantitatively examined by fluorescence spectroscopy. Three different cell lines, MDA-

MB-231, HeLa and BT-474 cells, at the density of  200.000 cells/slip were incubated with 

free Dox and unmodified/modified DNA tile-Dox structures at 2 µM Dox. After the 

incubation, the concentration of Dox in the lysed cells was determined by fluorescence 

spectroscopy.  

Figure 4.38. shows the Dox levels of BT-474, HeLa, and MDA-MB-231 cells incubated 

with free drug and unmodified/modified DNA tile-Dox structures obtained with 

fluorescence spectroscopy. From the results shown in Figure 4.38, when Dox levels in the 

cell lysates of the cells treated with Dox samples were examined by fluorescence 

spectroscopy in each of the three lines studied, the fluorescence signals of Dox were found 

to be higher in the cells treated with the DNA tile-Dox-Lac than those incubated with the 

unmodified DNA tile-Dox carrier and free Dox.  
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Figure 4.38. Dox levels of BT-474, HeLa, and MDA-MB-231 cells incubated with free 

drug and unmodified/modified DNA tile-Dox obtained with fluorescence spectroscopy.  

To investigate the effect of different carbohydrates on the cellular internalization of the 

DNA tile-Dox structure, several experiments were performed using glucose and maltose 

modified structures. Glucose and maltose modified Dox loaded DNA tiles (DNA tile-Dox-

Glu and DNA tile-Dox-Mal) were treated with three cancer cell lines, A549, MCF-7 and 

HeLa, respectively.  

The Dox levels of MCF-7, HeLa, and A549 cells, which incubated with free drug and 

unmodified/modified DNA tile-Dox conjugates, obtained with fluorescence spectroscopy 

are shown in Figure 4.39. When the cells were incubated with DNA tile-Dox structures 

modified with glucose and maltose, an increase in the uptake of Dox by  all cell lines was 

observed similar to effect of lactose modification. The fluorescence intensities of Dox were 

found to be higher in the cells treated with the carbohydrate modified DNA tile-Dox 

structures than those incubated with the unmodified DNA tile-Dox carrier and free Dox. 
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Figure 4.39. Dox levels of MCF-7 (a), HeLa (b), and A549 (c) cells incubated with free 

drug and unmodified/modified DNA tile-Dox obtained with fluorescence spectroscopy.  

Folic acid is a natural molecule frequently used for the active targeting in drug delivery 

systems where nanostructures are used. Modification of the DNA origami structures with 

folic acid and the applications of these constructs including delivery of different 

therapeutics are being investigated [339]. Recently, it has been reported that the DNA 

tetrahedron structure modified with folic acid and SL2B aptamer increases the amount of 

doxorubicin taken by the cells [340]. In the study of Sun et al., it was revealed that the 

DNA-based carrier system designed to be able to self-degrade enhanced the activity of 

doxorubicin when it was modified with folic acid [341]. Folic acid modified nanocage 

structures in FR-positive HeLa cells have been reported to show 40-fold higher uptake than 

normal cells [342]. In the above-mentioned studies, the contribution of the folic acid to the 

DNA-based carriers for targeting and cellular uptake of the transported molecules was 

demonstrated clearly.  

In this part of the thesis, the cellular uptake of the DNA tile-Dox system modified with 

folic acid (DNA tile-Dox-Fol) by FR-positive cell line HeLa cells was examined. Figure 

4.40 shows the Dox levels of HeLa cells incubated with free drug and unmodified/folic 

acid modified DNA tile-Dox obtained with fluorescence spectroscopy. When the cellular 

uptake of free Dox and DNA tile-Dox-Fol system was compared in FR-positive HeLa 
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cells, it was seen that Dox levels of HeLa cells treated with DNA tile-Dox-Fol showed 

increased (Figure 4.40) similar to the previous studies performed with DNA tile-Dox-Lac. 

 

Figure 4.40. Dox levels of HeLa cells incubated with free Dox, DNA tile-Dox, and DNA 

tile-Dox-Fol obtained with fluorescence spectroscopy.  

The application of lactose and folic acid modifications in combination has also been tried. 

The fluorescence spectroscopy results of the drug-loaded system modified with lactose and 

folic acid (DNA tile-Dox-Fol-Lac) are given in Figure 4.41. It was found that the dual 

modification increases the cellular uptake more than the single modification performed 

with the folic acid. 

 

Figure 4.41. Dox levels of HeLa cells incubated with the free Dox, DNA tile-Dox, DNA 

tile-Dox-Fol, and DNA tile-Dox-Fol-Lac obtained with fluorescence spectroscopy.  
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4.7.2. Confocal Microscopy Analysis 

The distribution and the cellular uptake level of the Dox in the cells were also examined 

using confocal microscopy. The confocal microscopy images of HeLa, BT-474, and MDA-

MB-231 cells after incubation with the free drug and modified/unmodified DNA tile-Dox 

structures are given in Figure 4.42. The confocal microscopy images showed that 

doxorubicin was distributed widely in the cytosol and Dox fluorescence signals were found 

to be higher in the cells treated with DNA tile-Dox-Lac than the cells treated with free 

Dox. The results obtained by confocal microscopy analyses were consistent with the data 

obtained by the fluorescence spectroscopy analyses. 

 

Figure 4.42. Imaging of Dox uptake levels by confocal microscopy in the cells incubated 

with free Dox and DNA tile-Dox with/without lactose. (a) HeLa, (b) BT-474, and (c) 

MDA-MB-231 cells. 

Free Dox DNA tile-Dox DNA tile-Dox-Lac
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The effect of the modifications performed with different carbohydrates on the cellular 

internalization of the DNA tile structure was also analyzed using confocal microscopy. As 

a result of incubation of HeLa cells with DNA tile-Dox-Glu, DNA tile-Dox-Mal, and DNA 

tile-Dox-Man, the fluorescence signals of Dox were found to be higher in the cells treated 

with the carbohydrate modified carriers than those incubated with the unmodified DNA 

tile-Dox carrier and free drug (Figure 4.43). 

 

Figure 4.43. Confocal microscopy images of HeLa cells treated with free drug,  

unmodified/modified DNA tile-Dox with different carbohydrates by HeLa cells (20X). (a) 

free Dox, (b) DNA tile-Dox, (c) DNA tile-Dox-Lac, (d) DNA tile-Dox-Mal, (e) DNA tile-

Dox-Glu, and (f) DNA tile-Dox-Man. 

Similarly, confocal microscopy results of BT-474 cells, which were treated with 

carbohydrate modified DNA tile-Dox and free Dox molecule are given in Figure 4.44. The 

confocal microscopy images showed that the Dox fluorescence signals were found to be 

higher in BT-474 cells treated with carbohydrate modified DNA tile-Dox structures than 

BT-474 cells treated with free Dox. 
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Figure 4.44. Confocal microscopy images of BT-474 cells treated with free drug,  

modified/unmodified DNA tile-Dox with different carbohydrates by HeLa cells (20X).  

(a) free Dox, (b) DNA tile-Dox, (c) DNA tile-Dox-Mal, (d) DNA tile-Dox-Lac, and (e) 

DNA tile-Dox-Glu. 

The cellular uptake of the DNA tile-Dox-Fol was investigated using HeLa, LNCaP and 

PNT1A cell lines. Figure 4.45 shows the confocal microscopy images of HeLa, LNCaP, 

and PNT1A cells treated with free Dox, DNA tile-Dox, and DNA tile-Dox-Fol. According 

to the confocal microscopy analysis results, folic acid modification increased the cellular 

uptake of DNA tile-Dox structure in HeLa and LNCaP cancer cells. For PNT1A cells, folic 

acid modification didn't affect the cellular uptake of the DNA tile-Dox structure. This 

result can be related to low expression level of folate receptors in healthy cells.  

(a)                                                      b)                                                        (c)                                                           

(d)                                                        (e)
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Figure 4.45. Confocal microscopy images of HeLa (a), LNCaP (b), and (c) PNT1A cells 

treated with free Dox, DNA tile-Dox with/without folic acid (20X). 

The cellular uptake of the DNA tile-Dox-RGD by HeLa cells was also investigated using 

confocal microscopy. Figure 4.46 represents the confocal microscopy images of HeLa cells 

treated with free drug, DNA tile-Dox, and DNA tile-Dox-RGD. The results of the confocal 

microscopy analysis showed that the modification performed with RGD peptide 

contributed less to cellular uptake than the results obtained with folic acid or carbohydrate 

modifications. 

 

Figure 4.46. Confocal microscopy images of HeLa cells treated with free drug (a),  DNA 

tile-Dox (b) and DNA tile-Dox-RGD.  
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4.7.3.   Flow Cytometry Analysis 

Flow cytometry, which is becoming a necessary device for the analysis of a variety of 

biochemical experiments such as cell cycle, cell, and apoptosis, was developed in the 

1970s [343]. Flow cytometry is a high throughput technology, which can analyze 

thousands of cells per second. The technique uses principles of light scattering, light 

stimulation and emission of fluorochrome molecules to provide multi-parameter data hand 

from the cells [344]. During the analysis, each cell is analyzed individually and signals are 

detected from each cell, which is exposed to the treatment. These signals including 

fluorescence and light scattering, provide information about the effects of the treatments on 

the analyzed cells [343, 345, 346].  

In a flow cytometry device, the cells or particles are carried through a fluid stream to the 

laser intercept and a detector, which places in front of the light beam, measures forward 

scatter (FS) [347]. Several detectors, which are located on the side, measure side scatter 

(SC). Fluorescence detectors measure the fluorescence emitted from positively stained 

cells or particles. While the FS informs about the size of the cell, the SS is concerned with 

the granularity of the cells [347]. The existence of particles in the cell causes the refractive 

index alterations and affects FS intensity. Therefore, the FS may not always give accurate 

information about cell size. SS intensity arises from the inner structure of the cells and is 

related to the mass and the protein content of the cells. SS is affected by the cell organelles 

and cytoplasm. SS gives information about the physical differences of the cells such as 

particle uptake and mitosis. Using flow cytometry, effects and amount of nanoparticles 

taken by the cells can be determined [348, 349]. 

The flow cytometry analyses were performed to determine the uptake levels of Dox by the 

cells, which were treated with free Dox and modified/unmodified DNA tile-Dox systems. 

Three cell lines, MDA-MB-231, HeLa and BT-474 cells, at the density of 100.000 

cells/well were incubated with free Dox and modified/unmodified DNA tile-Dox structures 

at 2 µM Dox. After incubation, flow cytometry analysis was used to quantify the 

intracellular florescence of Dox in the harvested cells. Figure 4.47 shows the flow 

cytometry results of the MDA-MB-231, BT-474, and HeLa cells treated with free Dox and 

DNA tile-Dox structure with/without lactose modification. For the all three cell lines 

studied by flow cytometry analysis, it was seen that the DNA tile-Dox-Lac system was 
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taken up by a larger number of cells, and therefore the observed fluorescence was higher 

than the cells incubated with free Dox and unmodified DNA tile-Dox 

 

Figure 4.47. Flow cytometry results of the cells treated with free Dox and DNA tile-Dox 

structure with/without lactose modification. (a) MDA-MB-231, (b) BT-474, and (c) HeLa 

cells.  

Similarly, doxorubicin uptake by the cells, which were incubated with drug-loaded DNA 

tile constructs modified with glucose, maltose, lactose, and mannose carbohydrates was 

also determined by flow cytometry analysis using MDA-MB-231, DU145, A549, MCF, 

and BT-474 cells. As seen in Figure 4.48, modifications performed with glucose, maltose, 

lactose, and mannose carbohydrates increased the number of cells, which takes the 

doxorubicin loaded DNA tile structures. It was shown that free drug molecule and DNA 

tile-Dox structure without modification are internalized by the each cancer cell line less 

than those of the carbohydrate modified DNA tile-Dox structures. 
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Figure 4.48. Flow cytometry results of the cells treated with free Dox and DNA tile-Dox 

structure with/without different carbohydrate modifications. (a) MDA-MB-231, (b) 

DU145, (c) A549, (d) MCF, and (e) BT-474 cells.  

The cellular uptake of the folic acid and RGD peptide modified doxorubicin loaded DNA 

tile constructs (DNA tile-Dox-Fol and DNA tile-Dox-RGD peptide) was examined on U87 

cells, which express folate receptors on the cell membranes. In order to investigate the 

cellular uptake of these complexes, U87 cells were exposed to free Dox, DNA tile-Dox-

Fol, and DNA tile-Dox-RGD peptide. The intracellular Dox contents were determined 

quantitatively by using flow cytometry. Figure 4.49 shows the flow cytometric histograms 

of the U87 cells treated with free Dox, DNA tile-Dox-Fol, and DNA tile-Dox-RGD 

peptide. Flow cytometry analyses results of the U87 cells showed that when the cells were 
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incubated with DNA tile-Dox-Fol, and DNA tile-Dox-RGD, a shift of a histogram to the 

right indicates a larger amount of Dox was internalized into the U87 cells.  

 

Figure 4.49. Flow cytometric histograms of the U87 cells treated with free Dox, DNA tile-

Dox-Fol (a), and DNA tile-Dox-RGD (b). 

As a result of the cellular uptake experiments, it was seen that the modifications made with 

carbohydrates increased the cellular uptake of the DNA tile-Dox constructs regardless of 

the cell type being studied. However, modification performed with folic acid only appears 

to work in cell lines that overexpress the receptors of this ligand and positive contribution 

to the cellular uptake of DNA carrier system only occurs in these cell types. Modification 

with RGD peptide has been shown to be less effective than carbohydrate modified or folic 

acid modified systems on the cellular uptake of the DNA tile-Dox. 

4.8. INTERNALIZATION STUDIES WITH INHIBITOR MOLECULES 

DNA-based structures are usually internalized into the cells through endocytic pathways 

such as adsorptive endocytosis, fluid phase pinocytosis etc [350, 351]. Depending on 

factors such as the type of cell being studied [352, 353], the composition of the gene carrier 

[354, 355] and the particle size [356], cellular uptake takes place via different endocytic 

pathways such as clathrin-dependent endocytosis (CDE) or caveolae-mediated endocytosis 

(CME). In clathrin mediated endocytosis, clathrin coated pit formation occurs by 

regulation of the clathrin coating protein inside the plasma membrane. Beside clathrin, a 
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number of molecules such as the adapter complex, AP2, which responsible for the 

connection between transported structures and clathrin, are participated in this endocytic 

internalization path [357, 358].  

Caveolae-mediated endocytosis, which occurs by the invagination of cholesterol-rich 

microstructures of plasma membrane containing the coating protein, caveolin,  is also one 

of the endocytic ingestion pathways [359]. Phagocytosis and macropinocytosis are also 

endocytic uptake pathways that allow the uptake of liquid and solid particles. In these 

ways, particle uptake occurs by the occurrence of big F-actin-coated vacuoles [360, 361].  

When attempting to determine the cellular uptake pathways of carrier structures, chemicals 

such as chlorpromazine, sodium azide, methyl-β-cyclodextrin, which inhibits different 

endocytic pathways are used. Cellular uptake pathways and inhibitor molecules used in the 

inhibition of these pathways are shown in Figure 4.50. 

 

Figure 4.50. Cellular uptake pathways and inhibitor molecules used in the inhibition of 

these pathways [362] 

As it is known, carrier structures have the ability to change drug delivery uptake routes. 

The presence of ligands that allow receptor interaction on the carrier molecule can 

seriously affect the pathway and amount of the drug is taken by the cells. According to the 

results of the fluorescence spectroscopy and the flow cytometry analysis, Dox is taken 

more by cells when given to the cells through carbohydrate modified tile structures. This 

situation suggests that the Dox uptake pathway could have changed and drug could have 

been taken up by the cell in a different way from passive diffusion.  
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In this part of the thesis, the uptake of the Dox molecule, which is normally taken up by 

passive diffusion into the cells, with the DNA tile-Dox-Lac was also investigated as 

mentioned before by the use of inhibitor molecules. Inhibitory molecules used in 

internalization of the DNA tile-Dox-Lac are listed in Table 4.2 together with their 

functions.  

Table 4.2. Inhibitory molecules used in internalization of the DNA tile-Dox-Lac. 

Inhibitor 

molecules 
Chemical structıre Function 

Chlorpromazine 

 

Inhibiton of Clathrin-mediated 

endocytosis 

Cytochalasin B 

 

Competitive inhibition of  the 

glucose carrier action 

Nocodazole 

 

Inhibition of phagocytosis, 

microtubule depolymerization 

Sucrose 

 

Non-selective inhibiton of 

endocytosis 

Sodium azide NaN3 
Blocking ATP synthesis and 

endocytosis inhibition 

 

HeLa cells were incubated with the DNA tile-Dox-Lac in the presence of the inhibitor 

molecules. First, HeLa cells were pretreated with medium containing inhibitor molecules 

for 30 minutes and then the cells were incubated with the serum free fresh medium 

containing samples in the presence of inhibitor molecules. All incubations were carried out 
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for two hours. After incubation, the cells were lysed and the cellular Dox contents were 

determined using the fluorescence spectroscopy.  

Studies for the inhibition of the clathrin-dependent uptake pathway were first reported in 

the 1980s with applications such as hypertonic sucrose, potassium depletion [363, 364]. 

Treatment of the cells with hypertonic sucrose is one of the  most common inhibition 

experiments. The treatment is usually carried out at a concentration of 0.4-0.5 M sucrose. 

With this treatment, the distribution of clathrin formations on the plasma membrane is 

realized [365]. It leads to inhibition by reducing the formation of clathrin-coated pits [366]. 

Hypertonic sucrose administration, which indicates the inhibition of clathrin-mediated 

endocytosis, also affects various invagination occurrences besides clathrin-mediated 

endocytosis.  

In this study, the internalized Dox levels in Hela cells with the application of the 

hypertonic sucrose was determined by fluorescence spectroscopy. Figure 4.51 shows the 

Dox uptake levels of the cells exposed to the hypertonic sucrose treatment. As it is seen in 

Figure 4.51, HeLa cells were treated with sucrose at a concentration range of 0.1-0.5 M 

and this treatment caused to a decrease in the uptake of Dox with the modified DNA 

carrier structure. The hypertonic sucrose application, which is the marker of endocytosis, 

showed that the Dox could have been taken through CME with this carrier system. 

 

Figure 4.51. Effect of hypertonic sucrose treatment on the cells incubated with  

DNA tile-Dox-Lac 
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Chlorpromazine is an antipsychotic cationic drug molecule derived from the 

phenothiazine, and it is widely used in the inhibition of CDE [367, 368]. It has been 

reported that chlorpromazine, which interacts with clathrin and AP2 complex, affects the 

clathrin coated pit formation [367, 369] and also the formation of phagosome-like 

structures [370, 371].  

Figure 4.52 shows the Dox uptake levels of the cells exposed to the chlorpromazine 

treatment. In the inhibition experiments performed with chlorpromazine, when working at 

a concentration of 5-40 µM chlorpromazine, a decrease in the level of Dox in the cells was 

observed with increasing chlorpromazine concentration. According to the results shown in 

Figure 4.52, a decrease in cellular uptake with chlorpromazine incubation showed that the 

drug loaded system may have been taken with clathrin-mediated endocytosis. 

 

Figure 4.52. Examination of Dox uptake in cells incubated with DNA tile-Dox-lac in the 

presence of chlorpromazine  

Energy-dependent endocytosis is a process that can be inhibited by the use of chemicals 

that cause ATP depletion or by reducing the cellular environment temperature [372]. 

Chemicals such as sodium azide (NaN3), which inhibits ATP production, cause a decrease 

in the cellular uptake of different molecules when used in endocytosis inhibition assays 

[373].  
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Figure 4.53 shows the Dox uptake levels of the cells exposed to the NaN3 treatment. The 

NaN3 inhibitor, which we can identify as non-specific when compared to chlorpromazine, 

was studied at a concentration range of 3-48 mg/ml. It was observed that when NaN3 was 

used even at 3 mg/ml concentration, the cellular uptake of Dox reduced by the DNA carrier 

compared to the control group. This result demonstrates that the modified DNA tile-Dox 

structure is taken up by the cells in an energy-dependent way and thus confirms the claim 

that it could have been taken by endocytosis. 

 

Figure 4.53. Examination of Dox uptake in cells incubated with DNA tile-Dox-lac  

in the presence of NaN3 

In addition to chlorpromazine and sucrose, two inhibitor molecules such as nocodazaole 

and cytochalasin B, which are responsible for the inhibition of different uptake pathways, 

have been also used in inhibition experiments. Cytochalasin blocks caveolae mediated 

endocytosis and macropinocytosis internalization pathways through depolymerization of 

actins [374]. Cytochalasin B is a competitive inhibitor molecule that blocks glucose 

transport [375]. Phagocytic uptake can be inhibited by the use of chemicals like 

nocodazole, which cause microtubule depolymerization such as colchicine [376].  

In an attempt to inhibit the internalization of the DNA tile-Dox-Lac, cytochalasin B 

inhibitor was studied at a concentration range of 2-10 µM. Figure 4.54 shows the Dox 
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4.54, it was found that cytochalasin B had no inhibitory effect at any concentration value 

studied. This result confirmed that the DNA tile-Dox-Lac system may have been taken in a 

different way than the glucose transport. 

 

Figure 4.54. Examination of Dox uptake in cells incubated with DNA tile-Dox-lac in the 

presence of chlorpromazine  

When chlorpromazine (15 μg/mL), nocadazole (50 μg/mL), and cytochalasin B ( μg/mL) 

inhibitors were studied in parallel, chlorpromazine administration indicating clathrin-

mediated endocytosis resulted in a decrease in the level of Dox. As can be seen in Figure 

4.55, it was found that nocodazole and cytochalasin B inhibitors had no effect on Dox 

uptake. The experiment performed with NaN3 showed that the DNA tile-Dox-Lac 

construct was taken into the cells via endocytosis. Experimental results obtained with 

inhibitors, which specifically characterize the uptake pathway, such as chlorpromazine, 

nocodazole and cytochalasin B, have shown that the uptake pathway may have been 

through CME. 
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Figure 4.55.  Effect of chlorpromazine (15 μg/mL), nocadazole (50 μg/mL), and 

cytochalasin B (1 μg/mL)  treatments on the cells incubated with DNA tile-Dox-Lac  

The inhibition experiments, which demonstrated with the results of fluorescence 

spectroscopy analysis, for the DNA tile-Dox-Lac, were also supported by confocal 

microscopy. Figure 4.56 shows the confocal microscopy image of the cells treated with 

chlorpromazine, cytochalasin B and nocadazole inhbitors. According to the confocal 

microscopy image given in Figure 4.56, cytochalasin B (50 μg/mL) and nocadazole (1 

μg/mL) inhibitors don't affect the cellular uptake of the DNA tile-Dox-Lac. However, the 

reduction in the brightness of the cells treated with chlorpromazine (15 μg/mL), reiterates 

that this inhibitor has a negative effect on the uptake of the DNA tile-Dox-Lac construct. 

The confocal microscopy analysis, which performed with chlorpromazine (15 μg/mL), 

nocadazole (50 μg/mL), and cytochalasin B (1 μg/mL), gave consistent results with the 

fluorescence spectroscopy studies.  
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Figure 4.56. Examination of Dox uptake in cells incubated with DNA tile-Dox-lac in the 

presence of inhibitor molecules. (a) Control group, cells treated with (b) chlorpromazine 

(15 μg/mL), (c) cytochalasin B (50 μg/mL), and (d) nocadazole (1 μg/mL) inhibitors. 

The effect of the targeting agent on the cellular internalization has also been studied. An 

excess amount of free lactose was added to the cell medium and the effect of free lactose 

on Dox uptake through the DNA tile-Dox-Lac was examined. Figure 4.57 shows the Dox 

levels of the cells incubated with increasing lactose concentrations. The similar results to 

the application of hypertonic sucrose showed that the lactose molecule also had an effect 

on the receptor-mediated endocytosis process. As it is shown in Figure 4.57, the level of 

cellular Dox level decreased with increasing concentration of free lactose. 

(a)                                           (b)

(c)                                            (d)

http://tureng.com/tr/turkce-ingilizce/as%20it%20is%20shown%20in%20the%20figure
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Figure 4.57. Examination of Dox uptake in cells incubated with DNA tile-Dox-lac in the 

presence of free lactose 

The effect of inhibitor molecules on the cellular uptake of the DNA tile-Dox system and 

free Dox was also investigated. It is known that the uptake of Dox into the cells occurs via 

passive diffusion. Figure 4.58 shows the confocal microscopy image of the cells treated 

with free Dox in the presence of chlorpromazine (15 μg/mL), cytochalasin B (50 μg/mL), 

and nocadazole (1 μg/mL) inhibitors. It was observed that the inhibitory molecules studied 

did not influence the cellular uptake of free Dox. The absence of changes in the level of 

Dox in cells treated with these inhibitors confirms that Dox is taken in a different way from 

the uptake pathways indicated by these inhibitors. 

 

Figure 4.58. Effects of inhibitor treatments on free Dox uptake in HeLa cells. 

(a) Control group, cells treated with (b) chlorpromazine (15 μg/mL), (c) cytochalasin B (50 

μg/mL), and (d) nocadazole (1 μg/mL) inhibitors. 
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The cellular uptake of the DNA tile-Dox construct was also studied by the use of 

chlorpromazine and NaN3 inhibitors. Figure 4.59 shows the confocal microscopy image of 

the cells treated with chlorpromazine (40-320 μM) and NaN3 (3-12 mg/mL) inhibitors. As 

seen in Figure 4.59, concentrations of chlorpromazine, previously used for the DNA tile-

Dox-Lac, did not show a decrease in the cellular uptake of the DNA tile-Dox construct. 

Similarly, the use of NaN3 as an inhibitor causes a slight decrease in cellular uptake of the 

DNA tile-Dox 

 

Figure 4.59. Effects of chlorpromazine (a) and NaN3 (b) treatments on Dox uptake in HeLa 

cells incubated with DNA tile-Dox.  
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4.9. CELL CYCLE ANALYSIS 

Cell cycle analysis allows to reveal the effects of different treatments on the cell cycle 

process and to determine the distribution of the cells in three basic phases of the cell cycle 

[377]. In the cell cycle analysis performed using a fluorescence DNA dye such as 

propidium iodide, the fluorescence intensity obtained in the wavelength at which the 

analysis is carried out will be proportional to the DNA content of the cells. It is expected 

that the intensities of cells in the G2/M phase (4n) will be twice that of the cells in the 

G0/G1 phase (2n), and this allows the determination of the amount of the cells at different 

phases [378].  

Cancer cell dynamics were examined in real-time on live tumor tissue in the presence of a 

fluorescence indicator in the work of Yano et al [379].  Most of the cells in the center of 

tumor tissue were found to be in G0/G1 phase. In a similar manner, cancer cells distant 

from tumor blood vessels were reported to be in the G0/G1 phase. The study performed 

with the indicator molecule has shown that therapeutic agents often kill the cells mentioned 

above and the cells in the interior part of the tumor continue to proliferation [379].  

Dox shows its effects through several ways including inhibition of the topoisomerase II 

acitivity, formation of free oxygen radicals and generation of a DNA-Dox intercalation 

product, which obstructs DNA replication [172, 380]. DNA damage is the main result of 

the Dox treatment. It has regulatory effects on cell proliferation and cell death pattern [179, 

381]. Several cell types treated with Dox were subjected to cell cycle analysis, different 

results were obtained for cells. When the MCF-7 cells treated with Dox, they have arrested 

at G1/S and G2/M checkpoints. MDA-MB-231 cells were arrested at G2/M with Dox 

treatment [382].  

In this part of the thesis, possible effects of the modified DNA tile-Dox structures on the 

cell cycle process were also tried to be determined. It was also determined whether these 

effects were similar to the effect of the free Dox. HeLa and U87 cells, which were exposed 

to Dox samples, were subjected to cell cycle analysis. In the experiment in which U87 cells 

were used, untreated U87 cells were used as control groups. Other cells were incubated 

with modified/unmodified DNA tile-Dox samples containing 2 μM Dox. Effects of the free 

Dox, DNA tile-Dox, DNA tile-Dox-Fol, and DNA tile-Dox-RGD on cell cycle process at 2 
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μM Dox concentration were investigated. Since the drug concentration used in the cellular 

uptake experiments was 2 μM, effect of this concentration value was investigated in the 

cell cycle analysis. Figure 4.60 shows the phase distribution (per cent ) graph of the U87 

cells treated with free Dox and modified/unmodified DNA tile-Dox. It was seen that the 

vast majority of control group cells that were not incubated with Dox were in phase 

G0/G1. As seen in flow cytometric cell cycle histograms of the U87 cells treated with Dox 

and DNA tile-Dox structures with/without modifications, the Dox-loaded samples caused 

arrest in G2/M phase similar to the effect of free Dox. In addition to this, there was an 

increase in the G2/M-phase population of the cells incubated with DNA tile-Dox-Fol and 

DNA tile-Dox-RGD compared to the cells incubated with free Dox. In parallel with this 

observed increase, a decrease in the cell population at the G0/G1 phase was also observed. 

 

Figure 4.60. Phase distribution (per cent) graph of the U87 cells treated with free Dox and 

modified/unmodified DNA tile-Dox. 

Effect of the DNA tile-Dox-Lac and DNA tile-Dox-Man on the cell cycle process of the 

HeLa cells was also studied and the phase distribution graphs are shown in Figure 4.61. 
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concentrations. As seen in flow cytometric cell cycle graphs of the HeLa cells, when HeLa 

cells were incubated DNA tile-Dox-Lac or DNA tile-Dox-Man, an increase in G0/G1 

phase was observed in cells incubated with Dox at 0.5 and 1.25 μM concentrations. For 

both modifications, an increase in the subG1 phase indicating apoptosis was observed at 

these concentrations. It was observed that the decrease in the cell population of G0/G1 

phase at 2.5 to 10 μM Dox concentrations was accompanied by an increase in the subG1 

phase. As the concentration of Dox increases, an increase in the cell population of the 

subG1 phase is observed and this indicates an increase in the apoptotic cell population. 

This effect was observed for the cells incubated with both DNA tile-Dox-Lac and DNA 

tile-Dox-Man. 

 

Figure 4.61. Effect of the DNA tile-Dox-Lac (a) and DNA tile-Dox-Man (b) on cell cycle 

process of HeLa cells. 
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4.10. GENE DELIVERY AND SILENCING OF LUCIFERASE 

Gene therapy applications are one of the most promising strategies for the treatment of 

genetic diseases, although their applicability is limited by the lack of appropriate carrier 

systems [383]. The outcomes of the studies like human genome project revealed that the 

molecular level of genetic diseases is helping the development and orientation of gene 

therapy applications. The greatest challenge in gene therapy applications is delivery of the 

genetic cargo with low transfection efficiency, which is the result of the presence of 

biological barriers and the interaction of the genetic material, possessing polyanionic 

character, with biological barriers [384].  

The use of viral carriers, which show high transfection efficiency with undesirable immune 

responses, is common in gene therapy applications [385]. However, this situation is 

problematic for the clinical applications, and efforts are being made to develop non-viral 

carrier constructs that may overcome this problem. The non-viral carriers, the vast majority 

of which are cationic lipids and synthetic polymers, also include several metal 

nanoparticles, CNTs, and synthetic liposomes [386]. However, the number of studies that 

were tried in the clinical stage is limited. The reason is that the toxicity and the transfection 

activity of the nanoparticles studied are not good enough for the clinical trials [386]. 

In this case, the carriers, that are formed using natural molecules, have begun to work on 

their transfection activities. In this regard, natural polymers such as lignin, schizophyllan, 

chitosan, as well as the use of nano-DNA structures, products of the structural DNA 

nanotechnology, are also investigated [387-390]. Ahn et al. have suggested that the 

wireframe DNA tetrahedra structure can be taken by endocytic pathways to human breast 

cancer cells without  lysosomal degradation, and this structure can be used for gene and 

drug delivery [391]. In the study of Bermudez et al., the utility of the DNA tetrahedron 

structure modified with antisense oligo in gene silencing has been reported [392]. The use 

of the 3D DNA prism structure, designed to allow the attachment of antisense oligos at 

different points, was also studied by Fakhoury et al.[393]. In the study of Gang Chen et al., 

the use of periodic DNA ribbon constructs for siRNA delivery has been reported [394]. 
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4.10.1. Preparation of The Luciferase Expressing Cell Lines 

The most effective tools for transferring genetic information are anticipated as lentiviral 

expression vectors. The transfers that allow the stable expression of the effector molecules, 

for instance, cDNA, siRNA, are generally accomplished by the use of these vectors [395]. 

The lentiviral expression constructs can be packaged in psödoviral particles. The lentiviral 

constructions allow the transfection with high efficiency for the cells even which not prone 

to transfection. By transferring the lentiviral expression construct to the target organism, 

the desired effector molecules are expressed in a stable and prolonged manner. [395, 396]. 

It is thought that the most commonly used lentiviral expression constructs are HIV-based 

constructs [397-399] and the applications of these constructs are still biological risk 

factors.  

In the context of the thesis, the preparation of MDA-MB-231 cells expressing luciferase, 

which to be used in the luciferase silencing, was carried out by the lentivirus transfection in 

our laboratory. The preparation of luciferase expressing MDA-MB-231 cell line began 

with the amplification of the required vectors. The circular pLenti-Bi-cistronic and 

pGL4.10.[luc.2] vectors were digested by using the restriction enzymes BamHI and KpnI. 

pLenti-Bi-cistronic vector consists of 8292 base pairs. pGL4.10.luc.2 vector consists of 

4242 base pairs (Figure 4.62). The luciferase encoding part of the pGL4.10.[luc.2] vector 

was cut and transferred into the pLenti-Bi-cistronic vector. 

 

Figure 4.62. Map of the pLenti-Bi-cistronic and pGL4.10.[luc.2] vectors. 

When pGL4.10.[luc.2] vector is digested using restriction enzymes BamHI and KpnI, 

pGL4.10.[luc.2] vector is divided into two fragments (2001 and 2241 bases); plenti-Bi-

cistronic vector is divided into two fragments (621 and 7671 bases). In Figure 4.63, the 
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bands are shown in red squares indicate bands at 2001 and 7671 to be ligated to each other 

in the next step.  

 

Figure 4.63. After digestion, agarose gel electrophoresis image of pLenti-Bi-cistronic and 

pGL4.10.[luc.2] vectors. (L) DNA marker, (1) The digestion of the pLenti-Bi-cistronic and 

(2) the digestion of the pGL4.10.[luc.2].  

The bands at 7671 and 2001 were cut from the agarose gel using the gel extraction kit and 

obtained with 14.8 ng/µL and 10 ng/µL yield. The ligation of the vector components was 

carried out using 1:1, 1:3, and 1:5 vector/insert ratios at 22 °C in the presence of T4 DNA 

ligase for 18 hours. When the ligation reactions completed, transformations of the ligation 

reactions with different vector/insert ratios were carried out into the E.coli DH5α 

competent cells. After transformation, it was observed that the colony formation by 

incubation overnight at 37 °C in LB agar petri dishes with 1:5 vector/inser ratio. The single 

colonies were taken from the LB agar petri dishes, were amplified in LB medium and 

using this liquid culture, plasmid isolation was carried out using plasmid isolation kit. The 

new ligation product, pLenti-Bi-cistronic-[luc] vector, was isolated with 87.6 and 85.8 

ng/µL yield.  

To verify the ligation, the newly obtained vector was digested using BamHI and KpnI 

restriction enzymes. According to the gel image, when the newly obtained plasmid vector 

was digested, the digestion products have with the same sizes with its constituent parts. It 

was verified that the realization of the ligation reaction (Figure 4.64). 
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Figure 4.64. Agarose gel electrophoresis image of the digestion of the newly prepared 

pLenti-Bi-cistronic-[luc] vector.  (1) Ladder, (2) Digestion reaction sample from isolated 

colony 1, (3) Digestion reaction sample from isolated colony 6, (4) The digestion products 

of the pGL4.10.[luc.2] vector (5) The digestion products of the pLenti-Bi-cistronic vector. 

After being introduced into the HIV shell, pLenti-Bi-cistronic-[luc] vector was given into 

the HEK 293 packaging cells with packaging and envelope plasmids [396] used for the 

infection of MDA-MB-231 cancer cells. Thus obtained cell line stable and long-term 

luciferase expressing have been carried out. 

4.10.2. Morpholino Sequence 

Gene silencing experiments were performed on luciferase expressing MDA-MB-231 cells. 

This cell line was constructed using recombinant DNA technology in our laboratory. In 

silencing experiments, morpholino antisense oligonucleotide sequence, CCC AGC GCC 

ATT CTA CCC ACT CGA, which was designed specifically for the luciferase mRNA 

sequence, was used and taken part in DNA tile. Also, the scrambled form of antisense 

oligonucleotide, CACGACGCACCTCTCGATCTCACC, without silencing function, was 

used as a control (Figure 4.65). 

 

Figure 4.65. Luciferase coding sequence and overlapping antisense morpholino sequence.  
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4.10.3. Characterization of The Morpholino Containing DNA Tile 

4.10.3.1. Agarose Gel Electrophoresis  

The morpholino containing DNA tile structure was formed using the long scaffold strand 

(140 base) and the short helper strands (24-66 bases) in TAE/Mg
2+

 hybridization buffer as 

given in method 3.1. The DNA tile formation was monitored by agarose gel 

electrophoresis. In Figure 4.66, the agarose gel image of the DNA hybridization sample 

run on gel prepared at 2 per cent agarose concentration is demonstrated. When an 

oligonucleotide was added in each line for the tile formation, it was observed that the 

growth of the structure gradually due to addition of the complementary oligonucleotides.  

When agarose gel was applied (Figure 4.66-a), the tile formation was not observed well 

enough in 2 per cent agarose gel so that MOPS-formaldehyde gel was prepared and the 

structure formation was once examined in one per cent MOPS-formaldehyde gel. As seen 

in Figure 4.66-b tile formation  is more clearly shown using the MOPS- formaldehyde gel. 

The increase of the molecular weights of the DNA constructs as observed from the bands 

on the agarose gel electrophoresis image confirmed the hybridization of oligonucleotides 

step by step to form the DNA tile structure. 

 

Figure 4.66. Gel images of the morpholino containing DNA tile. (a) 2 per cent agarose gel 

in TAE and (b) 1 per cent agarose in formaldehyde-MOPS buffer. 

 

 

(a)                                                                                   (b)
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4.10.3.2. AFM Analysis 

The formation of morpholino containing DNA tile structure was also analyzed with AFM. 

The AFM analysis was performed at non-contact mode to determine the sizes of tile 

structures and support to the observations with agarose gel electrophoresis. 2 μL of the 

DNA tile hybridization solution was dropped onto the newly cut mica surface, 

subsequently washed with deionized water and allowed to dry. The mica containing the 

dried sample was placed in the device and the image was taken from a droplet area where a 

droplet of suspension of DNA tile was placed. As mentioned earlier in the section 4.1.2, 

the presence of uncompleted DNA tile structures and aggregation formed they exhibited 

during the sample preparation, led to the observation of larger or smaller sized structures 

than the structures, which have expected size. The AFM image of the DNA tile is given in 

Figure 4.67. The DNA tile sample size was measured as 106 nm. 

 

Figure 4.67. AFM image of morpholino containing DNA tile  

4.10.4. Cytotoxicity of The Morpholino Containing DNA Tile 

Considering the chemical structure, the morpholino oligonucleotides are not toxic 

molecules [400]. It has been reported that no toxicity is observed when given at 3 g/Kg 

doses in mice [401]. However, consideration should be given to the cytotoxicity of each 

sequence and possible toxic effects on the organism, taking into account the interactions 

that may be caused by the base pairing of the designed sequences [400]. The cytotoxicity 

of the DNA tile structures, which contain morpholino and scrambled morpholino sequence, 
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was examined on luciferase expressing MDA-MB-231 cell line at a concentration range of 

0.25-1 µM. The cell viability analysis of the DNA tiles was determined applying WST-1 

assay. The cell viability graphs of the morpholino sequence and the scrambled morpholino 

sequence containing DNA tiles are shown in Figure 4.68. As seen in Figure 4.68, the 

morpholino and the scrambled morpholino sequence containing DNA tile structures were 

found as non-toxic to MDA-MB-231 cells at studied concentrations. It was observed that 

the viability still remained at 80% for both constructs at 1 uM. The activation of tumor 

suppressor p53 and apoptosis, which is induced by their chemical toxicity of morpholino 

sequences, are among the off-target effects of the morpholino sequences [402-404]. This 

situation may be the reason for the observed cell deaths associated with increased 

morpholino concentration. 

 

Figure 4.68. The cytotoxicity of the morpholino sequence (a) and scrambled morpholino 

sequence (b) containing DNA tile. 
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4.10.5. Western Blot Analysis of The Luciferase Silencing 

Firstly, the expression of the luciferase protein by MDA-MB-231 cells was confirmed 

using the anti-Firefly luciferase antibody (ab181640) in Western blot analysis. Cell lysates 

obtained using RIPA buffer from cells expressing luciferase were used for the Western blot 

analysis. According to the Western  blot image shown in Figure 4.69, it was seen that the 

preparation of the cell line expressing luciferase was successful due to the visualization of 

the expected protein band. 

 

Figure 4.69. Western blot image for the confirmation of the luciferase expression 

Subsequently, luciferase expressing MDA-MB-231 cells were incubated with morpholino 

containing DNA origami structure but significant reduction on the luciferase expression 

level wasn't observed. After that, same experiment was performed using commercial 

transfection reagent (Dream fect). The manufacturer's instructions suggest that a 2-4 μL 

DreamFect™ Gold transfection agent should be used for 1 μg DNA. The experiments were 

performed at two different DNA/transfection agent ratios 1:2 and 1:4. When the MDA-

MB-231 cells were treated with morfolino/Dreamfact transfection reagent at 1:4 ratio 

luciferase expression showed a decrease compared to the 1:2 ratio as seen in Figure 4.70. 

However, when the morpholino sequence was incorporated to the DNA tile construct and 

given with the transfection agent, the level of luciferase expression showed a similar 

decrease in both DNA/transfection agent ratios.  

Depending on the shape, size, and structure of the cell line, it is expected that the amount 

of cellular uptake of DNA nanostructures and the uptake path will vary according to 

oligonucleotides and plasmids [353, 405, 406]. As indicated by the work of Walsh et al., 

the DNA tetrahedra structure is taken more than the single and double-stranded DNAs into 

the cells [261]. The reduction in luciferase expression may be a consequence of increased 

Luciferase

GAPDH



120 

 

 

intracellular uptake by the addition of antisense oligonucleotide DNA to the tile construct, 

as well as addition to the effect of the transfection agent. Incorporation of the morpholino 

sequence into the DNA tile structure provided the reduction of luciferase expression using 

less transfection agent. 

 

Figure 4.70. Western blot image of luciferase expression using transfection reagent with 

different DNA/transfection agent ratios. (a) Control, (b) Morpholino sequence with Dream 

fect (1:2), (c) Morpholino sequence with Dream fect (1:4), (d) Morpholino embedded 

DNA tile with Dream fect (1:2), and (e) Morpholino embedded DNA tile with Dream fect 

(1:4). 

Silencing of the luciferase was studied using morpholino containing carbohydrate modified 

DNA tiles. Figure 4.71 shows the gel image indicates the silencing effects of the 

morpholino containing carbohydrate modified DNA tile structures MDA-MB-231 cells, 

which express luciferase, were incubated with morpholino containing DNA tile structures 

modified with glucose, lactose, and mannose, respectively for 48 hours. MDA-MB-231 

cells, which were not treated with modified DNA tile, were used as a control group for the 

luciferase expression. After incubation of the cells with 0.064 µM morpholino, Western 

blot analysis was performed for the cell lysates. The decrease in the luciferase expression 

was observed for all of the cells, which were incubated with glucose, lactose, and mannose 

modified morpholino containing DNA tiles. 

(a)             (b)              (c)            (d)               (e)
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Figure 4.71. Silencing effects of the morpholino containing carbohydrate modified DNA 

tiles. (a) Control (without treatment), (b) glucose, (c) lactose, and (d) mannose modified 

morpholino containing DNA tile.  

The effect of increasing amounts of morpholinos on luciferase levels of the cells was 

studied by studying amounts of 0.034 μM and 0.064 μM morpholino. An increase in the 

concentration of morpholino, as expected, will result in a decrease on the level of the 

lusiferase expression. A Western blot image, representing the reduction in luciferase 

expression due to the increase in morpholino amount is shown in Figure 4.72. When the 

amount of the morpholino, designed specifically for luciferase, was increased, the 

luciferase expression was decreased proportionally due to the increased morpholino 

concentration.  

 

Figure 4.72. Silencing effect of the lactose modified DNA tile containing different amounts 

of morpholino. (a) Control, (b) 0.034 μM morpholino, and (c) 0.064 μM morpholino.  

A scrambled form of the morpholino sequence, designed specifically for luciferase, was 

also used in the gene silencing experiments. The scrambled form is expected to have no 

silencing activity. The scrambled morpholino sequences do not contribute to target protein 

expression as they are not complementary to target protein mRNA sequences. Figure 4.73 

shows the silencing effect of the lactose modified DNA tile structure and DNA tile 

structure containing scrambled morpholino sequence. When the cells are incubated with 

Luciferase

GAPDH
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(a)                      (b)                       (c)
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the scrambled morpholino sequence, an effect on target protein expression should not be 

observed. There is no change in luciferase level was observed in the cells incubated with 

the scrambled morpholino sequence (Figure 4.73-b) as observed in MDA-MB-231 cells 

not incubated with morpholino sequence (Figure 4.73-c). 

 

Figure 4.73. Silencing effect of the lactose modified DNA tile structure (a), DNA tile 

structure containing scrambled morpholino sequence (b), and the control group (c). 

The use of ligands that allow the introduction of foreign genes into the cell by receptor-

mediated endocytosis and the development of the carrier systems, in which these ligands 

are used, are being studied [407]. The use of transferrin [408], antibody molecules [409], 

epidermal growth factor [410], folic acid [339], and different carbohydrate molecules, such 

as galactose [411-414], mannose [415-417], lactose [418], etc. as ligands has been 

extensively investigated. Such strategies are also being applied for the delivery of gene 

silencing agents. The modification of oligonucleotide nanoparticles with such ligands 

significantly enhances the potential of efficiently transferring siRNA like agents to cancer 

cells [339]. It has been reported that efficient cellular uptake of the folic acid modified 

oligonucleotide nanoparticles by HeLa cells leads to 50 per cent decrease in target protein 

expression. In aforementioned study of Lee et al., when the tetrahedron structure modified 

with folic acid was used for the transport of 2'-OMe siRNA, the tetrahedron structure 

provided 50 per cent silencing of fire fly luciferase [339]. In a similar manner, the studies 

related with the glycotargeting strategies in which antisense oligonucleotides exhibit up to 

80% cellular uptake have been reported [419].  

The silencing of the luciferase was implemented with the use of DNA tile structures, 

modified with three different targeting agents including folic acid, lactose, and RGD 

peptide (Figure 4.74). When the cells treated with the modified DNA tile constructs with 

(a)             (b)            (c)
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different targeting agents containing the same morpholino concentration, it has been shown 

that the best result, among the three types of targeting agents, was obtained with the folic 

acid modified DNA tile system. 

 

Figure 4.74. Western blot image of luciferase expression levels of  reagent with different 

DNA/transfection agent ratios. (a) Control, (b) lactose, (c) folic acid, and (d) RGD peptide 

modified morpholino containing DNA tile. 

The results have shown that cheap and natural molecules such as folic acid and 

carbohydrates can be used effectively in the transfection of DNA-based constructs as an 

alternative to expensive transfection agents. 
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5. CONCLUSION AND FUTURE PERSPECTIVE 

The DNA nanotechnology idea started with the construction of simple structures at the end 

of the 1980s and then, developed with the formation of more complex and functional DNA 

based structures. It is now being used in several applications including sensing and 

medicine. Biocompatibility, lack of toxicity, and programmability are the features that 

expand the usage area of DNA and DNA-based structures. The structures developed using 

this technology may offer great advantage for medical applications.  

In this thesis, a DNA nanostructure in the form of a tile, which can be used for the 

transport of drugs and other therapeutics, was built. The most important feature of the 

constructed DNA based carrier is its design allowing the functionalization of the system 

for different purposes through the adhesive oligonucleotide sequences. The tile structure 

has eight sticky ends and the different ligands or drugs, which may be conjugated to the 

complementary oligonucleotides can be bound through sticky ends to the tile system. In 

this way, a multi-functional system can be built. 

The DNA tile structure was prepared by the slowly cooling method in TAE-Mg
2+

, specific 

hybridization buffer solution. During the applied thermal annealing process, the pre-

determined and synthesized oligonucleotides used to construct the DNA tile structure, 

found their complementary sequences in the hybridization buffer solution, they were 

annealed, and the formation of the desired DNA tile was ensured.  

The constructed DNA tile structure was characterized using agarose gel electrophoresis, 

AFM and DLS. The progressive hybridization of the oligonucleotides to each other and the 

controlled formation of the DNA tile construct were visualized by agarose gel 

electrophoresis. AFM and DLS techniques were applied to determine the size of the 

prepared DNA tile structures. AFM and DLS measurements yielded size values that were 

greater than 29 nm, which determined for the DNA tile theoretically. With AFM 

measurements, the DNA tile structure was around 64 nm in size, while the DLS results 

showed that the hydrodynamic diameters of the DNA tile structures were largely above 50-

60 nm. 

In the thesis, it is envisaged to use the DNA tile structure for drug and antisense 

oligonucleotide delivery. One of the biggest problems that DNA-based systems face in 
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such applications is their stability, which they exhibit in the application environment. The 

stability experiments carried out in the cell medium showed that DNA tile structures 

retained their size and integrity for up to 24 hours. The stability analysis was also carried 

out in cell lysates obtained from the cultured cells. It's considered that stability analysis to 

be performed in the cell lysate may provide insight into the robustness of the construct for 

in vivo applications. The experiments performed in the cell lysates showed that the DNA 

tile structure retained its integrity for 6 hours. 

The cytotoxicity of the newly prepared DNA tile structure was investigated on MDA-MB-

231 and HeLa cells. The delivery systems used in drug delivery should be non-toxic and 

biocompatible. The cytotoxicity tests performed on MDA-MB-231 and HeLa cells shown 

that the DNA tile construct didn't exhibit a cytotoxicity or biocompatibility problem due to 

the natural structure of the DNA tile structure. The tile structure containing antisense 

oligonucleotide was also found to have no toxic effects on the cells. 

The prepared DNA tile constructs were used as a carrier system for doxorubicin 

chemotherapy agent and an antisense morpholino oligonucleotide, a gene silencing agent. 

Within the scope of the thesis, lactose, folic acid, and RGD peptide were selected as 

targeting agents in anticipation of increasing the cellular uptake of DNA tile structure with 

its cargoes. For this reason, oligonucleotides, which can hybridize to the DNA tile, were 

functionalized with lactose, folic acid and RGD peptide targeting agents. Due to the 

modification with lactose giving better results in previous cellular uptake experiments, 

oligonucleotides modified with different carbohydrates including glucose, maltose, and 

mannose were also prepared. The carbohydrate modified oligonucleotides were prepared 

by reductive amination while oligonucleotides modified with folic acid and RGD peptide 

were prepared using DCC/NHS chemistry.  

The synthesized functionalized oligonucleotides were characterized by agarose gel 

electrophoresis, FT-IR, and MALDI-TOF MS analyses. With the agarose gel 

electrophoresis analysis, the difference in migration rate observed between the modified 

oligonucleotides and the starting pure oligonucleotides, which indicates the molecular size 

increase, proved the success of the modifications performed. Glucose, maltose, and 

mannose modified oligonucleotides, which were subsequently studied for their cellular 

uptake effects, were also characterized by agarose gel electrophoresis. The characterization 

of the modified oligonucleotides was also studied by MALDI-TOF MS analysis. The 
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analyses did not give results which would allow precise mass determination due to 

fragmentation and multi-ion formation, and the results obtained were at the noise level.  

The cytotoxicity and cellular uptake of the carrier tile structure with its included cargoes 

were investigated in vitro. Dox, which is used extensively in the treatment of different 

types of cancer, was intercalated into the DNA tile structure and used as a model drug. The 

stability and drug loading capacity of the DNA tile construct was also examined by agarose 

gel electrophoresis. It was seen that concentrations of Dox greater than 300 μM caused 

deterioration of the DNA tile structure while at concentrations lower than 300 μM, it was 

observed that the DNA tile construction retained its stability. 

Due to the intercalation of Dox, the DNA tile structure has begun to exhibit toxicity to the 

cells, and this effect was at a similar level with the efficacy of the free drug. The 

modification of the DNA tile-Dox construct with natural targeting agents such as lactose, 

folic acid, and RGD peptide results in a slight decrease of the drug toxicity while the 

killing effect of the drug was preserved on the cells.  

To confirm the uptake of the DNA tile structure by cells, the tile system was modified with 

5(6)FAM dye, which normally cannot pass through the membrane, and the cellular uptake 

of the dye-DNA tile conjugate was demonstrated by confocal microscopy. 

As mentioned before, lactose, folic acid, and RGD peptide molecules were used as 

targeting agents. The cellular uptake of the DNA tile system loaded with its cargo after 

modification with these targeting molecules was investigated using fluorescence 

spectroscopy, flow cytometry, and confocal microscopy analyses. According to the results 

obtained with these techniques, among the targeting agents, lactose exhibited the highest 

uptake effect for the drug loaded tile system. Then, the functionalization of the DNA tile 

structure with other carbohydrates, maltose and glucose were performed and a similar 

effect to the case of lactose was observed. The carrier agents based on carbohydrate 

molecules can be developed as an alternative to the rather expensive cationic lipid agents 

used to transport antisense oligonucleotides and DNA constructs into cells.  

As a result of the cellular uptake experiments, it was seen that the modifications made with 

carbohydrates increased the cellular uptake of drug loaded DNA tile constructs regardless 

of the cell type being studied. However, modification performed with folic acid only 

appears to work in cell lines that overexpress the receptors of this ligand and positive 
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contribution to the cellular uptake of DNA carrier system only occurs in these cell types. 

The modification with RGD peptide has been shown to be less effective than carbohydrate 

modified or folic acid modified systems on the cellular uptake of the drug loaded DNA tile. 

The carrier system and targeting agents may increase the cellular uptake of the therapeutic 

agent, and alter the internalization pathway of the drug by the cells as well. The presence 

of ligands that allow receptor interaction on the carrier molecule can seriously affect the 

uptake pathway and amount of the drug taken in by the cells. According to the results of 

the fluorescence spectroscopy and the flow cytometry analysis, Dox is taken in more by 

cells when given to the cells through carbohydrate modified DNA tile structures. This 

situation suggests that the Dox uptake pathway could have changed and Dox could have 

been taken up by the cell in a different pathway from passive diffusion with other DNA tile 

systems. To investigate the uptake pathway of the DNA tile-Dox-Lac, which exhibits the 

maximum cellular uptake effect, several inhibitor molecules, which are the marker of 

different uptake pathways were used and cellular uptake rates were examined using 

fuorescence spectroscopy and confocal microscopy. It was found that Dox, which is 

uptaken by passive diffusion into cells, internalized via endocytosis with the carbohydrate-

modified DNA tile-Dox. The results of treatments performed with the markers of 

endocytosis such as chlorpromazine, sodium azide, and hypertonic sucrose confirmed that 

the DNA tile-Dox-Lac system was proved by endocytic uptake. 

The effects of DNA tile-Dox-Fol, DNA tile-Dox-RGD, DNA tile-Dox-Lac, and DNA tile-

Dox-Man structures on the cell cycle process were determined on HeLa and U87 cancer 

cells. According to the flow cytometry analysis results, it was seen that the vast majority of 

control group cells that were not incubated with Dox were in the G0/G1 phase. When the 

U87 cells incubated with free Dox and DNA tile-Dox structures with/without 

modifications, the Dox-loaded samples caused arrest in G2/M phase similar to the effect of 

free Dox. The experiments performed with DNA tile-Dox-Lac and DNA tile-Dox-Man 

showed that as the concentration of Dox increases up to 10 µM, an increase in subG1 

phase is observed and this situation indicates an increase in an apoptotic cell population.   

After the studies performed with Dox, the DNA tile system was used to carry the antisense 

morpholino sequence into the cells. The morpholino sequence was designed to inhibit the 

expression of the luciferase. The DNA tile structure containing the morpholino sequence 

was constructed and the newly prepared tile structure was characterized by the AFM 
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analysis and agarose gel electrophoresis. The formation of the DNA tile structure 

containing the morpholino sequence was followed by agarose gel electrophoresis and the 

size of the construct was found as approximately 106 nm by AFM analysis . 

MDA-MB-231 cells expressing luciferase were prepared using recombinant DNA 

techniques. The cytotoxicity of the morpholino sequence containing DNA tile structure 

was investigated and the DNA tile structure was found as non-toxic to MDA-MB-231 cells 

expressing luciferase at the studied concentrations.  

The use of modified/unmodified DNA tile constructs for morpholino delivery and their 

gene silencing activities were determined by Western blot analysis with observing the 

differences at luciferase expression levels. According to the Western blot images, when the 

cells were incubated with glucose, lactose, mannose, and folic acid modified morpholino 

containing DNA tiles, a decrease in the luciferase expression was observed. Also, the 

increase in morpholino amount applied resulted in a decrease in the level of luciferase 

expression. It was shown that the best result, among the three types of targeting agents, 

was obtained with the lactose modified DNA tile system. The scrambled morpholino 

sequence didn't show an effect on the luciferase expression level. Briefly, the results have 

shown that cheap and natural molecules such as folic acid and carbohydrates can be used 

effectively in the transfection of DNA-based constructs as an alternative to expensive 

transfection agents 

As mentioned above, the tile structure is designed to be clearly functional and adjustable. 

In line with the obtained favorable outcomes, the effort to utilize the DNA tile structure as 

a nanocarrier should continue. The use of anti-cancer drugs such as Dox, which can easily 

intercalate into DNA structure, and other therapeutics can be incorporated into the tile 

structure and used for the treatment of various diseases in vitro and in vivo. The therapeutic 

efficacy of drugs whose therapeutic activities are restricted by the presence of biological 

barriers can be increased with the use of the tile system. To increase the in vivo 

applicability of the system, the tile structure can be made more resistant to nuclease 

activity with different end point modifications. Apart from medical applications, it is also 

possible to use a DNA tile system in various assemblies and microarray-like formations 

due to its design. 
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