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ABSTRACT 

 

 

DNA MEDIATED SELF ASSEMBLY OF CARBON NANOTUBES 

INTO NANORINGS 

 

Carbon Nanotubes(CNT) are newly discovered nanomaterials that are the focus of intense 

research because of their physical, chemical, electrical and optical characteristics that 

extend beyond other materials. Due to these properties, they have a variety of applications 

in different areas like nanoelectronics, tissue engineering, biosensor technologies and drug 

delivery. However, the main problem with the use of carbon nanotubes is their highly 

hydrophobic nature. Due to their strong affinity towards each other to form aggregates, it 

becomes difficult to extend their use into a wide range of applications.  

 

DNA attracts the attention of researchers with its ability to disperse nanotubes similar to a 

surfactant.  DNA-CNT interaction involves two different approaches. One of them is a 

non-covalent approach where DNA bases are adsorbed to CNT walls and DNA wraps 

around the Carbon Nanotubes. This approach protects the intrinsic properties of the carbon 

nanotubes but offer limited potential for self-assembly research. On the other hand, 

covalent DNA binding to CNTs allows the use of DNA hybridization properties and has 

the potential to produce complex shapes. In this work, Single Walled Carbon Nanotubes 

(SWCNTs) were functionalized with carboxyl acid groups and 

oligodeoxynucleotides(ODNs) were covalently bound to them via ODNs’ amine 

terminated end. By changing the concentration of ODN linker molecules that binds two 

different ODN bound SWCNTs, nanoring structures are formed. Also the factors affecting 

the formation of these structures are addressed as well as their behaviour under extreme 

heat and sonication. These nanoring structures and the factors affecting them were studied 

under Atomic Force Microscopy(AFM). The knowledge obtained from this work shows 

the preparation of nanorings by using DNA mediated self-assembly of  SWCNTs, which 

can be used for designing more complex structures and can be applied for photothermal 

therapy, nanoelectronics, drug and gene delivery.  
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ÖZET 

 

 

KARBON NANOTÜPLERİN DNA İLE KENDİLİĞİNDEN 

DÜZENLENME YÖNTEMİYLE NANOHALKA YAPILAR 

OLUŞTURMASI 

 

Karbon Nanotüpler diğer malzemelerden üstün fiziksel, kimyasal, elektriksel ve optik 

özellikleri nedeniyle yoğun araştırmaların odağında olan yeni keşfedilmiş 

nanomalzemelerdir. Bu özellikleri nedeniyle nanoelektronik, doku mühendisliği 

biyosensör teknolojileri ve ilaç taşıma sistemleri gibi farklı alanlarda birçok uygulamaya 

sahiptir. Buna rağmen Karbon Nanotüp kullanımıyla ilgili temel sorun onların hidrofobik 

yapıda olması ve kendilerine olan çekimleri nedeniyle yığıntılar oluşturmasıdır ve bu 

durum, bu alanlardaki geniş çaplı uygulamaları engellemektedir.  

 

DNA, nanotüpleri surfaktantlar gibi çözme özelliğiyle araştırmacıların ilgisini çekmektedir. 

DNA-KNT  etkileşimleri iki farklı yöntemden oluşur. Bunlardan biri olan kovalent 

olmayan yöntemde DNA bazları KNT’ün duvarına tutunur ve DNA Karbon Nanotüp’ün 

etrafına sarılır. Bu yöntem karbon nanotüplerin kendine has özelliklerini korumakla 

birlikte kendiliğinden düzenlenme araştırmaları için sınırlı potansiyele sahiptir. Diğer 

taraftan, KNT’lere kovalent DNA bağlanması DNA’nın hibridizasyon özelliklerinin 

kullanılmasını sağlar ve karmaşık yapıların oluşturulmasına imkan verir.  Bu çalışmada 

Tek Katmanlı Karbon Nanotüpler(TKKNT) karboksil asit grupları ile fonksiyonellenmiş 

ve oligodeoksinukleotidlere(ODN) amin grubuyla biten uçlarından kovalent olarak 

bağlanmışlardır. ODN bağlı iki farklı TKKNT’ü birbirine bağlayan DNA ara molekülünün 

konsantrasyonunu değiştirerek nanohalka yapıları oluşturulmuştur. Aynı zamanda bu 

yapıların oluşmasını etkileyen faktörler, aşırı sıcaklık ve sonikasyon uygulandığındaki 

davranışları belirlenmiştir. Bu nanohalka yapıları ve onları etkileyen faktörler Atomik Güç 

Mikroskobu(AFM) kullanılarak araştırılmıştır. Bu çalışmadan elde edilen bilgi DNA ile 

kendiliğinden düzenlenme metodu kullanılarak TKKNT’lerden daha kompleks yapıların 

oluşmasında, fototermal terapi, nanoelektronik, gen ve ilaç taşıma sistemleri için 

kullanılabilecek nanohalka oluşturulmasını göstermektedir.
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1. INTRODUCTION 

 

 

Nanotechnology is derived from the word Nano, which means dwarf in Greek. This word 

points to the operating size of nanotechnology, which is 10
-9

 m. While needles used in 

medical delivery chips are 100 μm, a red blood cell is between 2-5 μm. A double stranded 

DNA is about 2 nm wide and its 10 base pairs are 3.4 nm long, which is equivalent to a 

complete turn of helix structure. Gold nanoparticles, which may vary is size can be 

between 100 nm and down to 3 nm depending on the synthesis techniques.  

 

 

 

Figure 1.1. Size comparison of structures from micro to nanometers 

 

Eventhough the concept is relatively new, the use of nanotechnology dates back further. 

For example Damascus Steel, a type of steel that is used in the Syrian region against 

Crusaders, is known for its resilience, extreme sharpness and flexibility and also contains 

distinctive band patterns. Recent research conducted using high resolution electron 

microscopy showed that Damascus steel contains cementite nanowires and carbon 

nanotubes [1]. 
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Figure 1.2. 16th century Iranian crucible forged Damascus steel sword [1] 

 

Modern nanotechnology is generally accepted to be conceptualized and inspired by 

Richard Feynman in his talk ―There’s plenty of room at the bottom‖ given to the American 

Physical Society in 1959 where he suggested direct manipulation of atoms provides a lot of 

oppurtunities where ordinary laws of matter like gravity have little importance and surface 

tension, Van der Waals attraction would have more importance [2]. Yet, the term 

Nanotechnology is first used by a Japanese scientist Norio Taniguchi of the Tokyo 

University of Science in a talk in 1974 where he defined nanotechnology as ―production 

technology to get extra high accuracy and ultra fine dimensions, i.e. the preciseness and 

fineness on the order of 1 nm (nanometer), 10
-9

 meter in length‖ [3]. However, molecular 

nanotechnology, a term that describes a nanoscale assembler able to replicate itself and 

perform autonomous functions is also described by Eric Drexler [4].  Nowadays, the 

accepted definition of nanotechnology is ―The creation of functional materials, devices and 

systems through control of matter on the nanometer length scale (1-100 nanometers), and 

exploitation of novel phenomena and properties (physical, chemical, biological, 

mechanical, electrical...) at that length scale‖ according to NASA [5]. As Fenyman 

predicted, laws of gravity and other Newtonian concepts are insignificant when dealing 

with materials in nanoscale. It is observed that such nanoparticles do not behave according 

to Newtonian mechanics but according to Quantum mechanics.   Schrodinger’s equation 

provides explanation of these interactions and behaviour since it posseses an understanding 

of the property of atoms. Any process or structure composed of atoms are described with 
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this equation [6]. While Fenyman’s lecture was provocative and inspiring, experimental 

nanotechnology lagged behind his visions since there weren’t any equipment to accomplish 

what he proposed. Later, with the invention of Scanning Microscopy in 1981 [7], the 

manipulation and observation of atoms became possible. Chemistry also caught up with the 

nanotechnology with producing unique nanomaterials with special electronic, optical and 

chemical properties like Quantum dots and Carbon Nanotubes. 

 

Nanotechnology contains several challenges that need to be overcome to better control 

nanoparticles and use them in electronics, optics and biomedical applications. Two main 

problems are synthesis of pure nanoparticles with desired shape and size and assembly of 

these nanoparticles into a desired pattern [8]. While chemists work on further purification 

and synthesis methods, assembly of nanoparticles attract attention of engineers, physicists 

and molecular biologists in addition to chemists because self-assembly can be achieved in 

various ways. Self-assembly methods can be divided into two main approaches: top-down 

and bottom-up. Top-down approaches involve the bulk material as a starting point and 

divide, carve or shape them into a desired pattern mainly using lithography techniques. 

These lithography can vary depending on the application, but the main lithography types 

are: extreme UV lithography [9], ion beam lithography [10], photolithography [11], X-ray 

lithography [12] and electron beam lithography [13]. The patterns and devices constructed 

with these methods can be applied to various areas like microfluidics [14], lab-on-a-chip 

applications [15] and can be used to aid analytical techniques like DNA [16], RNA [17], 

protein detection [18] as well as single cell analysis [19]. However these lithography 

methods require expensive equipment, facilities and trained personnel so they are not 

widely applicable [20]. On the other hand, bottom up approaches are less expensive, do not 

require extensive training or facilities, so they are preferred more. These approaches 

include the assembly of nanoscale materials and bring them together to form a desired 

shape or pattern both in suspension and on surfaces while lithographic applications are 

limited to surfaces. Bottom-up approaches utilize the chemical interaction between atoms 

and program nanoparticles to come together in a desired shape [21]. This process is called 

self-assembly because the nanoparticles themselves form this shape. To accomplish self-

assembly, nanoparticles are programmed through functionalization and interaction between 

macromolecules. Examples include DNA [22] or peptide [23] directed self-assembly of 

nanoparticles where the macromolecules on nanoparticle direct it towards a specific shape 
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or pattern. Because of ease of use and manufacture as compared to lithography methods, 

self-assembly attracted the interest of many researchers. 

 

 
A B 

 

 

Figure 1.3. A. Examples of top-down approach-constructed mills made of silicon using 

lithographic techniques [24] and B. Bottom up approach-self assembled DNA nanoscaffold 

[25]  

   

The main nanoparticles that are synthesized and used in nanotechnological research 

include gold nanoparticle (AuNP), silver nanoparticle (AgNP), magnetic nanoparticle 

(MNP), quantum dot (QD) and carbon nanotube (CNT). AuNP and AgNP is commonly 

denoted as noble metal nanoparticles and preferred for their unique optical and plasmonic 

properties [26] and used in techniques such as Surface Plasmon Resonance(SPR) [27] and 

Surface Enhanced Raman Scattering(SERS) [28]. Since AuNPs are biocompatible [29], 

stable and easily functionalized, most of the self-assembly research is conducted using 

AuNPs [30] and they are applied for photothermal therapy [31], gene and drug delivery 

[32]. AgNPs are used in many applications including commercial products due to their 

antibacterial [33] and wound healing properties [34]. MNPs, due to their easy 

functionalization and enhanced magnetic capacities used in newly developped isolation 

and purification technologies [35] and bioassays for rapid and highly sensitive detection 

[36] since they can be manipulated under magnetic fields. They are also used for MRI 

imaging technologies [37]. Quantum dots are semiconductor nanoparticles confined in a 

small space ranging between 1-10 nm [38] and have different flurorescence properties 

based on their size. Their confinement gives them a narrow emission and broad excitation 
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spectra [39]. They are considered as an alternative to fluorescent dyes because of their 

resistance to photobleaching [40]. CNTs are one of the most widely applied nanomaterials 

due to their high tensile strength [41], high aspect ratio [42], unique electrical [43] and 

physicochemical properties [44]. This makes them useful tools in chemistry, physics and 

biology. They can be used for nanoelectronics [45], AFM tips [46], drug delivery [47], 

photothermal therapy [48] and biosensor technologies [49]. One of the major obstacles in 

front of these technologies is efficient dispersion and organization of CNTs into defined 

patterns.  

 

The aim of this study is to investigate DNA hybridization directed self-assembly of CNTs 

to forming nanoring structures. SWCNTs are chosen as a model in this study because of 

their flexibility and wide range of electronic properties that may have a variety of  

applications in biosensing, drug and gene delivery, and imaging as AFM tips. In this study 

SWCNTs are carboxyl functionalized and cross-linked with oligonucleotides (ODN), then 

using an ODN linker, these oligonucleotides are brought together in a nanoring formation. 

The structures are analyzed using Raman Spectroscopy, IR Spectroscopy, SEM and AFM.  

 

 

 

 

Figure 1.4. Various application areas of different nanoparticles [32, 36 ,39, 46] 
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2.  THEORETICAL BACKGROUND 

 

 

This chapter first gives a background information about carbon nanotubes(CNTs) and their 

applications, then discusses the top down and bottom up approaches that are applied to 

CNTs with potential new technologies. 

 

2.1. CARBON NANOTUBES 

 

CNTs are hollow cylinder-shaped nanostructures, composed of carbon atoms. They can be 

considered as folded graphene sheets, first discovered by Iijima in 1991 [50]. From that 

point forward, they have been at the center of intense research in a variety of fields 

including electronics [51], biomedicine [52], physics [53], chemistry [54] and material 

science [55]. The excitement comes from their unique optical, electrical, chemical 

properties and high tensile strength and high aspect ratio [56]. They can occur in two types, 

Multi-walled Carbon Nanotubes(MWCNT) [57] and Single-Walled Carbon 

Nanotubes(SWCNT) [58]. MWCNTs are composed of several graphene sheets forming a 

tube around each other with a hollow core. Their size can range between 2-100 nm in 

width and their length can range from 1 μm to 10 μm [59]. SWCNTs are composed of only 

a single graphene layer, which makes them more flexible. Their thickness ranges between 

0.4 to 2 nm [60]. CNTs are composed of hexagonal carbon structures held together by Van 

der Waals forces. CNTs are produced by electric arc [61], laser ablation [62], Chemical 

Vapor Deposition(CVD) [63] and gas phase catalytic processes(HiPco) [64]. Their growth 

occurs in the presence of metal catalysts, Fe, Co, Ni [65]. 
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Figure 2.1. Representative Diagrams of  A. SWCNT and B. MWCNT [66] 

 

2.1.1. Chemical Modifications of Carbon Nanotubes 

 

Because of intra-molecular Van der Waals bonds, CNTs tend to bundle and since their 

affinity is much higher than their affinity to water, they are hard to solubilize and disperse 

in water [67]. To use them more efficiently, there are various chemical modification routes 

that introduce new functional groups onto CNTs[68]. One of the most common chemical 

modification routes of CNTs is carboxylation with strong acids such as HNO3 and H2SO4 

under reflux [69]. Also SOCl2 treatment also solubilizes CNTs in various organic solvents 

with additional functionalization of alkane groups where they become soluble in hexane 

[70]. For the modification of CNTs with biological macromolecules, amidation [71] and 

esterification [72] reactions are used to covalently bound macromolecules to CNT surfaces 

through the carboxyl group achieved with oxidation. CNTs interact with biological 

molecules such as DNA and proteins in two ways. The first one is non-covalent 

interactions that mostly depends on π-π stacking interaction where DNA [73] or proteins 

[74] adsorbed to the CNT surface. For example, sonicated CNTs are dispersed in water 

using DNA as a mediator wrapping around CNTs since it has hydrophobic bases and a 

hydrophilic backbone [75]. Advantages of this type of interaction include solubilizing 

CNTs without chemical damage, which may change electrical, optical and structural 

properties of CNTs [76]. However, the disadvantage of this method is weakness of the 

attachment and dissociation of biomolecule-CNT complexes [77]. For a permanent 

chemical bonding, CNTs are functionalized using acid treatment, which introduce new 

funtional groups onto CNT surface.  DNA [78] and proteins [79] can be covalently linked 

with functionalized CNTs via crosslinking agents and further chemical treatments. The 
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disadvantage of this process is to damage CNTs, which makes them less efficient for 

further applications [80]. 

 

 B  A  

 

 

Figure 2.2. A. DNA wrapping around Carbon Nanotubes [73] and B. Covalently bound 

DNA on Carbon Nanotubes 

 

2.1.2 Applications of Carbon Nanotubes 

 

Today, there are many potential applications of CNTs in biomedicine, electronics, physics 

and material science due to their chemical and physical properties. This section covers 

some of the literature reports discussing possible uses of CNTs in the mentioned fields. 

 

Carbon nanotubes are used as biosensors because of their small size and high surface area, 

thus making biosensors more sensitive [81]. Because of their high conductance of 

electricity, upon the binding of specific DNA, protein or small molecules, their 

conductance changes significantly, indicating the presence of the molecule in question [82]. 

Some examples include detection of Cytochrome C from adsorption [83], hydrogen 

peroxide detection [84] and Alkaline Phosphatase enzyme coupled DNA detection, which 

is highly sensitive with a detection limit of 1 pg L
-1 

[85]. 

 

Despite the claims that CNTs are toxic [86], others indicate that it is not the CNTs that are 

toxic, but rather the metal catalyists used for the growth of CNTs [87]. To test this, 

researchers used MWCNTs free from metal catalyists as bioscaffolds to mediate the 

growth and differentiation of neuronal cells and they have succesfully growed neuronal 

cells on top of this bioscaffold [88]. With their biosensor capabilities, it is suggested that 

CNTs may be used for dual purposes, as scaffolds and as biosensors that modulate and 
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measure the intracellular changes during the signal transmission of neurons [89].  Due to 

their functionalization and membrane penetration abilities, CNTs are used to carry 

insoluble drugs, proteins and DNA, thus both carrying their cargo within the cells and 

preventing it from enzymatic degradation [90]. This has been demonstrated with different 

enzymes like Cytochrome C [91] and β-Lactate [92]. Another approach is the production 

of nano test tubes where CNTs contain a closed end and the chemical is placed inside of 

CNT [93]. Then, the open side is sealed with chemical modification, which may further 

develop into the production of nanopills. One of the most exciting use of CNTs is their 

applications as Scanning Probe tips [94] since they are ideal because of their small size and 

high electrical conductance. A conventional AFM tip is about 10 nm in thickness [95] 

whereas the thickness of SWCNTs is around 1-2 nm, which increases the resolution. Also 

their stiffness and flexibility make them suitable candidates for AFM tips. Use of AFM tips 

enable researchers to see the structure of proteins and DNA as well as emergence of new 

concepts like nanosurgery where AFM tips are used to remove aberrations from cellular 

structures [96].  

 

 B  A 

 C 

 

 

 

Figure 2.3. Applications of Carbon Nanotubes as A. AFM Probe tips [91], B. Substrates for 

neuronal growth [85] and C. Carbon Nanotube test tubes [89] 
A 
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2.2. ASSEMBLY: TOP-DOWN AND BOTTOM-UP APPROACHES 

 

This section discusses the assembly methods used for both top down and bottom up 

approaches, giving examples of CNT assembly with mentioned approaches and their 

application areas. 

 

2.2.1. Top Down Approaches 

 

Top Down approaches describe starting with a bulk material and trimming, cutting, 

shaping it to a desirable shape using lithography techniques, which include methods like 

X-ray lithography [97], photolithography [98], e-beam lithography [99] and ion beam 

lithography [100].  Basically lithography is creating a resist layer through the use of 

photons, e-beam etc. onto substrate material to create defined geometric shapes. There are 

two kinds of resists that can be used to generate a pattern, negative resist and positive resist 

[101]. Positive resist areas are removed upon exposure whereas negative resist areas 

removed if they are unexposed. This creates a pattern on the substrate surface. Depending 

on the source that removes the resist, lithorgaphy techniques divide into photolithography, 

e-beam lithography, etc. Generally, these methods are used to create 2D or 3D linear 

structures of CNTs into a defined pattern.  

 

Photolithography uses photons with different light sources to create a pattern with 

magnification of light to create high-resolution patterns. It includes X-ray lithography and 

deep and near-ultraviolet photolithography. The resolution of the system depends on the 

wavelength of the light source, smaller wavelengths producing deep resolution on surfaces. 

However as the wavelength is reduced, the cost of manufacture increases.  
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A 

  
B 

 

 

Figure 2.4. A. Schematic representation of photolithography [102] and B. CNT arrays 

using photolithography [103] 

 

Figure 2.4 shows the schematic representation of photolithography and an example of CNT 

arrays produced using photolithography. In this particular example, photolithography is 

used to create Fe catalyst patterns and CNTs are grown on top of this catalyst, thus forming 

regularly shaped linear arrays that can be used in biosensing applications, microfluidic 

devices and transistors [103]. Another lithography technique is e-beam lithography. Since 

electron sources and electron optics are developed with Electron Microscopy, the 

equipment required for e-beam lithography is readily available with a resolution up to 1 nm. 

However, resolution limit is defined by scattered electrons. To prevent scattering problem, 

ion beam lithography is used, which incorporates ionized atoms focused with lenses. Their 

resolution decreases but they are more controlled. Lastly, X-ray lithography is an industry-

based lithography where X-rays are used as light sources. However due to difficulties of 

obtaining high quality X-rays, this method is also limited.  

 

These lithography techniques as well as others, require expensive equipment, trained 

operators and high operating cost. For this reason, it is desirable to create novel bottom up 

approaches with ease of production without a need for additional equipment and other 

expensive resources. 

 

B 
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2.2.2. Bottom Up Approaches 

 

Bottom up approaches are developed as an alternative to top-down approaches where the 

intermolecular forces, Van der Waals, hydrogen bonding and other non-covalent 

interactions gain importance [104]. It can be said that bottom up approaches are inspired 

from nature to create higher order structures. For these purposes, chemical interactions, 

liquid dynamics, evaporation patterns and biochemical affinity-bonding methods can be 

used. Bottom-up approaches can be divided into two main groups, assembly at liquid-

liquid interface and assembly at solid-liquid interface. In this chapter, two of these methods 

as well as their subtopics are described with specific examples. 

 

Self-assembly at Liquid-Liquid Interfaces takes advantage of two immiscible fluids 

forming an interface where nanoparticles stay and assemble based on their surface energies 

and chemistry [105]. In one example, CNTs are assembled into an ultra-thin film at water-

hexane interface. Since CNTs lose their electronic and optical properties upon chemical 

treatment and functionalization, CNTs were dispersed in water with Sodium Dodecyl 

Sulfate(SDS) and hexane was placed on top of this solution. With this approach CNT-film 

is created without any chemical treatment and this structure can be used for flexible 

electronic devices [106]. 

 

 
B 

 

 

Figure 2.5. A. Ultrathin CNT film at water hexane interface and B. SEM image of CNT 

film assembled at water hexane interface [106] 
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Bottom up research is mainly focused on solid-liquid interfaces because unlike liquid-

liquid interfaces, it promotes the intermolecular forces between chemical groups and offers 

a wide variety of interactions as well as promise of mediating and manipulating these 

interactions. These methods can create 1D, 2D and 3D structures by utilizing electrostatic 

interactions, hydrogen bonding, chemical bonds and hydrophobic interactions between NPs, 

liquid and solid. Self-assembly at solid-liquid interfaces can be divided into three methods: 

Self-assembly from a drying droplet, template assisted self-assembly and programmed self-

assembly. 

 

2.2.2.1. Self-assembly from a Drying Droplet 

This approach involves the deposition of NPs on a solid surface from a suspension. When a 

droplet of a suspension is placed on a surface, the droplet tends to spread on the surface. 

However, the molecular or colloidal species bind quickly to the surface at solid-liquid-air 

contact line, which stops the spreading of droplet further. This is known as contact-line 

pinning, and results with a phenomenon called ―coffee-ring‖ [107]. Since the solvent 

evaporation is faster at the contact line, the solvent molecules flow towards the contact line. 

This outward flow drags and jams all species in the droplet to the droplet edges. Dynamics 

in a drying droplet play important role for the distribution of species in the droplet area. 

Since this also influences the packing of colloidal nanoparticles in the droplet area, it has 

also has great influence on the performance of a surface-enhanced Raman (SERS) 

experiment employing colloidal noble metal NPs as substrates The distribution of species 

[108]. As for CNTs, because of their tendency to stick together, their self-assembly 

behavior is different from other NPs. As droplet dries, CNTs do not travel to the edges of 

the droplet, because they stick to each other and they are heavy enough not being dragged 

to the edges, so as a result, the CNT concentration is highest at the center of the droplet and 

lowest at the edges [109]. This property of CNTs can be used to assemble individual CNTs 

onto surfaces, creating nanometer scale structures as opposed to large bundles. However, 

this phenomenon is not properly understood, so additional studies are needed in that 

direction. 
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Figure 2.6. Image of drying pattern of CNT-F68 suspension where CNTs are concentrated 

at the center of the droplet [109] 

 

2.2.2.2. Template Assisted Self-assembly 

This approach involves creating a template before the assembly of the NPs so that NPs will 

be assembled into structures based on that template. This template can be created with 

lithographic approaches as well as different chemicals, solvents and polymers. One 

example is template assisted self-assembly of MWCNTs based on the concentric rings 

formed by polymer MEH-PPV with amazing regularity upon drying. This method creates a 

pattern on a large surface formed of ring structures and when MWCNTs are deposited onto 

these surfaces, they follow the pattern and deposit between the concentric rings created by 

MEH-PPV [110]. 

 

  
A 

 
B 

 

 

Figure 2.7. A. Representation of MEH-PPV concentric rings and CNT deposition on the 

surface and B. Optical image of the formed surface after MEH-PPV is removed [110] 
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2.2.2.3. Programmed Self-assembly 

Among the various self-assembly techniques, programmed self-assembly stands out as a 

newly emerging concept but it has wide variety of applications and unlimited possibilities 

leading to formation of a plethora of nanoconstructs. Since this method uses the 

interactions of biomacromolecules DNA [111], RNA [112], peptides [113], carbohydrates 

[114], lipids [115] to assemble nanostructures, they can be applied and constructed in many 

laboratories without special equipment and with high throughput. Essentially, programmed 

self-assembly occurs continuously in nature with protein folding, DNA hybridization, 

membrane formation etc. What researchers do is, they utilize these interactions to bring 

NPs into a defined shape and pattern.  Among various methods, DNA mediated self-

assembly stands out as the most promising technique to assemble NPs. 

 

DNA mediated self-assembly depends on Watson-Crick base pairing to assemble NPs. In 

general NPs are covalently bound to ODNs[116]. As complementary ODNs bind to each 

other, they bring NPs into defined nanostructures. DNA mediated self-assembly has many 

advantages. Their interaction pattern is well defined as opposed to peptides, they are 

relatively unaffected by the environmental pH. Individual ODNs are resistant to heat and 

pressure, however the nanostructures may dissociate upon the denaturation of double 

stranded DNA because of heat. ODNs are also easy to synthesize and control with a 

defined length and sequence. For these reasons, DNA mediated self-assembly flourished 

and has been the focus of intense research. At first, attempts were made to assemble 

conventional NPs like AuNPs where different sizes of NPs are bound to each other via 

DNA hybridization [117]. After that point, there were many studies for the assembly of 

AuNPs via DNA hybridization. QDs and MNPs were also subjected to intense research 

with DNA mediated self-assembly [118]. As NPs are assembled into defined structures, 

another topic, self-assembly of DNA itself has emerged with creation of DNA tiles [119] 

and other DNA based nanostructures [120]. NPs are incorporated into those structures, for 

example creation of periodic square like AuNP surfaces using DNA tiles for optical and 

plasmonic applications [121]. With the groundbreaking research done by Rothemund [122], 

DNA self-assembly reached its highest level. Rothemund used a M13 bacteriophage single 

stranded DNA and folded it with the help of small ODNs called stable strands to create a 

smiley face. He also showed how it is possible to create a structure with any shape using 

this method where he created rectangles, star shapes and triangles. Later, other researchers 
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working on DNA origami created spheres [123], scaffolds for nanoarrays [124], DNA 

tubules [125], letters [126] and a DNA box [127] that can only be opened upon a specific 

signal in the environment. Also, with the fluorescence molecules on its surface, the box 

emits different colors when it is closed and open. This technology provides both the 

controlled release and delivery of the drug and detection of diseases. CNTs are also 

incorporated into DNA mediated self-assembly and DNA origami approaches. One 

example is creating nanoribbons with DNA origami where CNTs can be placed to create a 

stable field effect transistor where DNA origami structure serves as a nanobreadboard 

[128].  

 

In previous projects on ODN mediated self-assembly of AuNPs, it was observed that 

changing ODN linker concentration causes the assembly pattern of AuNPs change, so the 

same affect was investigated in this study, where DNA hybridization mediated assembly of 

SWCNTs was investigated upon changing ODN linker concentration that binds these 

SWCNTs together. It was hypothesized that as ODN linker concentration changes, 

SWCNTs will make different assembly patterns with each other. It was observed that at a 

specific ODN linker concentration, SWCNTs form carbon nanorings.  Previously in 

literature, carbon nanorings were produced with chemical treatments and functionalization, 

which require special reaction conditions and time [129]. In this study it is shown that two 

different ODN bound SWCNTs can be brought together and form a nanoring structure by 

changing the concentration of the ODN linker molecule.  
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Figure 2.8. Nanostructures created based on DNA mediated self-assembly [121, 122, 127, 

128] 
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3.  MATERIALS 

 

 

3.1.  REAGENTS 

 

SWCNTs were purchased from Sigma Aldrich (Taufkirchen, Germany), which contained 

tubes that are 0.7-0.9 nm in diameter. HNO3, Magnesium Acetate, EDTA, Acetic Acid and 

Trizma base were also purchased from Sigma Aldrich (Taufkirchen, Germany). 1-ethyl-3-

(3-dimethylaminopropyl) carbodiimide (EDC) is purchased from Fluka (Taufkirchen, 

Germany). Oligodeoxynucleotides (ODNs) were purchased from AlphaDNA (Quebec, 

Canada) as shown in Table 3.1.  

 

3.2.  OLIGODEOXYNUCLEOTIDES (ODNs) 

 

ODNs were purchased in desalted form with a concentration of 200 nm and diluted to a 

final concentration of 100 μM with dH2O. Table 3.1 shows the sequences of the ODNs 

used for the construction of carbon nanorings. D1, D2 are 5’-NH2 terminated ODNs and 

D3, D4 are 3’-NH2 terminated ODNs. After the chemical attachment of these ODNs to 

SWCNTs,  D5, D6, D7, and D8 are used to bring the SWCNTs into patterns using them as 

linkers. These sequences are designed to see how different sequences of ODNs contributes 

to the nanoring formation as well as the effect of the length of ODN linkers The sequences 

are given as from 5’ end to 3’end. 
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Table 3.1. ODNs used for the formation of Carbon Nanorings 

 

Label Sequence (from 5’ to 3’) 
Base 

number 
Brand 

D1 

NH2-(CH2)6-

AAAAAAAAAAATGTGTGGAGTTGGCTGTTAC

GACTA 

36 
Alpha 

DNA 

D2 
CTCAGCCCAGGTTCAGTTCTGGTCATAAAAAA

AAAA-(CH2)6-NH2 
36 

Alpha 

DNA 

D3 NH2-(CH2)6-TTTTTTTTTTTTTTTTTTTT 20 
Alpha 

DNA 

D4 TTTTTTTTTTTTTTTTTTTT-(CH2)6-NH2 20 
Alpha 

DNA 

D5 
ATGACCAGAACTGAACCTGGGCTGAGTAGTC

GTAACAGCCAACTCCACACAT 
52 

Alpha 

DNA 

D6 
ATGACCAGAACTGAACCTGGGCTGAGAAAAT

AGTCGTAACAGCCAACTCCACACAT 
56 

Alpha 

DNA 

D7 
ATGACCAGAACTGAACCTGGGCTGAGAAAAA

AAAATAGTCGTAACAGCCAACTCCACACAT 
61 

Alpha 

DNA 

D8 
AAAAAAAAAAAAAAAAAAAAAAAAAAAAAA

AAAAAAAAAA 
40 

Alpha 

DNA 

 

According to this experimental setup ODNs D1 and D2 are connecting in the presence of 

ODN linkers D5, 6 and 7. Among these ODN linkers D7 has 9 Adenosine molecules used 

as a spacer, D6 has 4 Adenosine molecules and D5 has none to see the effect of ODN 

linker length on assembled nanostructures. ODNs D3 and D4 consist of only single bases 

and do not contain 10 Adenosine molecules to distance DNA hybridization from SWCNTs. 

They are connected by ODN linker D8 which consists of 40 Adenosine molecules. 
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4.  METHODS 

 

 

4.1.  CARBOXYLIC ACID FUNCTIONALIZATION OF CARBON NANOTUBES 

 

Carbon nanotubes are functionalized using the acid reflux method. A 5 mg of SWCNTs 

was dissolved in 5 ml dH2O and sonicated for 30 minutes. Then, they were treated with 2.3 

ml of 4 M HNO3 for four hours in reflux. The acidic solution was transferred into a 

crucible and evaporated with an incubator. A small volume of dH2O was added to the 

crucible and SWCNTs were taken into eppendorf tubes for further activation. Figure 4.1 

shows the comparison Raman spectra of pristine SWCNTs and carboxyl functionalized 

SWCNTs. On a SWCNT spectrum there are four distinct bands that are associated with 

properties of SWCNTs. These are the D band located at 1340 cm
-1

, the G band located at 

1590 cm
-1

, G’ band located between 2500-2700 cm
-1

, and the RBM bands between 350-

150 cm
-1

. However, the band at 320 cm
-1

 that is present in all samples,  is attributed to the 

CaF2 slides the samples were deposited on.  The carboxylation of SWCNTs was assessed 

based on the ratio of D and G bands peak heights, since D band represents the defects of 

SWCNTs graphite-like structure, it is a direct indicator of functionalization. D/G ratio was 

calculated as 0.18 for pristine SWCNT and 0.43 for carboxyl functionalized SWCNTs 

shown in Figure 4.1. There is also a shift in the bands that indicates a change in the 

electrical properties of SWCNTs due to surface functionalization and disruption of 

electronic properties. 
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Figure 4.1. Raman spectra of pristine SWCNT and carboxylated SWCNT. 
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Figure 4.2 shows the comparison of FTIR spectra of pristine and carboxylayed carbon 

nanotubes. There are multiple bands that indicate the carboxylation of SWCNTs. The 

broad peak at 3200 cm
-1

 corresponds to –OH vibrations coming from carboxyl groups. The 

region between 1800 and 1500 cm
-1 

show high frequency vibrations due to carboxylation. 

Broad peak centered at 1733 cm-1 attribute to C=O stretching vibrations of carboxyl and 

carbonyl groups. Another broad peak with high frequency vibrations centered at 1557 cm
-1

 

indicates the conjugation between C=O groups and C=C groups. The shoulder at 1317 cm
-1

 

indicates the presence of C-OH groups. The peak at 1260 cm
-1

 corresponds to C-O 

stretching vibrations as well as 1212-1175 cm
-1

 peak with a shoulder at 1112-1038 cm
-1

.  

 

 
Pristine SWCNT 

Carboxylated SWCNT 

 

 

Figure 4.2. FTIR spectra of pristine SWCNTs and carboxyl functionalized SWCNTs. 

 

4.2.  CHEMICAL ATTACHMENT OF AMINE TERMINATED         

OLIGONUCLEOTIDES TO SINGLE WALLED CARBON NANOTUBES 

 

The carboxylated SWCNTs are covalently bound to amine terminated ODNs via an 

carboamide bond. A 100 μL of carboxylated SWCNT is mixed with 5 μL of 100 μM 

ODNs D1, D2, D3 and D4 in the presence of 1 mg EDC, which is a crosslinking agent 

between carboxyl and amine groups. The SWCNTs are incubated overnight in the presence 

of EDC and then centrifuged to remove excess EDC and ODNs. The reactions involved in 

this process are illustrated in Figure 4.3. The pellet, containing ODN bound SWCNTs are 
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suspended with TAE Mg
+2

 buffer (40 mM Tris base, pH 8.0, 20 mM acetic acid, 2 mM 

EDTA and 5 mM Magnesium Acetate) and stored at +4 C
o
 for further use. 

 

 NH2 functionalized 

ODNs 

EDC 

HNO3 

 

Pristine SWCNTs   Carboxylated SWCNTs   DNA Functionalized SWCNTs   

 

 

Figure 4.3. DNA functionalization of SWCNTs in the presence of EDC 

 

4.3.  CONSTRUCTION OF NANOSTRUCTURES 

 

After the covalent binding of ODNs to SWCNTs via an amide bond, the functionalized 

SWCNTs are linked to each other by using complementary linker ODNs.  It was 

hypothesized that in dilute samples with excess linker ODN concentration, SWCNTs tend 

to assemble onto themselves, creating small circular shapes by joining two ends together. 

Two different ODNs bound SWCNTs are linked to each other with the help of a ODN 

linker.  

 

In order to investigate parameters affecting the formation of carbon nanorings, the 

experiment is designed as two parts. In the first part, nanoring structures are constructed 

with SWCNT-D1 and SWCNT-D2 using linkers D5, D6 and D7. The linker ODNs possess 

sticky ends for D1 and D2. These ODN linkers have different lengths to observe the 

influence of linker length to the formation of nanorings. To investigate the effect of linker 

ODN concentration, D5 was added to the solutions in varying concentrations. To construct 

these nanorings a 10 μL of D1 and D2 bound SWCNTs are mixed in three separate test 

tubes. Then, 5 μL, 10 μL and 20 μL linker ODN solutions are added to the test tubes, to 

change the linker concentration, respectively. Then magnesium acetate buffer was added to 

the suspension to make final volume 200 μL. The same procedure is repeated for other sets 

with linkers D6 and D7, respectively. ODNs D3 and D4 were used to investigate the effect 
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of sequence specificity in nanoring formation. These ODNs were composed of Poly-T 

sequences and were brought together in the presence of Poly-A ODN linker D8. For this 

reason, they can hybridize with ODN linker from different points. These ODN bound 

SWCNTs were assembled as described above and the structures are analyzed under AFM. 

 

4.3.1. Raman Instrumentation 

 

Raman Spectroscopy experiments are undertaken with a Renishaw inVia reflex Raman 

microscopy system was used. The system was automatically calibrated against a silicon 

wafer peak at 520 cm−1
. An argon ion laser at 514 nm was used with a ×50 objective 

(numerical aperture is 0.75) with laser power of 200 mW. 

 

4.3.2. FTIR Analysis 

 

FTIR analysis was done by Thermo Scientific Smart iTR in ATR mode with a diamond 

plate and ZnSe lens. Dehydrated Carbon Nanotubes are used to characterize 

functionalization and DNA binding. 

 

4.3.3.  Scanning Electron Microscopy Analysis 

 

SEM measurements were performed with a Karl Zeiss EVO 40 model SEM instrument 

operating at 20 kV. 

 

4.3.4.  Atomic Force Microscopy Analysis 

 

The AFM analyses were performed with a Park SYSTEMS XE 100 Atomic Force 

Microscopy (Park Systems Corp. KANC 4F, Iui-Dong, 906-10 Suwon 443-766, Korea). 

The images are taken at room temperature with non-contact mode using conventional 

silicon nitride tips. The resonance frequencies varied between 200 and 300 kHz and the 

scanning rate of the images was 0.5 Hz for lower magnifications and 1 Hz for higher 

magnifications.   
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5.  RESULTS AND DISCUSSION 

 

 

5.1. CHARACTERIZATION OF OLIGONUCLEOTIDE BINDING TO SINGLE     

WALLED CARBON NANOTUBES 

 

The ODN bound SWCNTs were characterized using FTIR and Raman Spectroscopy. 

Figure 5.1 shows the change in D and G bands. After carboxylation, D/G band ratio was 

0.43, which indicates the loss of sp2 hybridization of carbon atoms and presence of 

carboxyl groups. When the ODN binds to SWCNTs covalently, D/G ratio drops to 0.35 

and SWCNTs form aggregates, indicating the change in surface chemistry on SWCNTs 

upon DNA crosslinking.  
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Figure 5.1. Raman spectra of ODN bound SWCNTs 

 

Figure 5.2 shows FTIR spectra of ODN bound SWCNTs. A broad band at 3300 cm
-1

 

indicates presence of –OH stretching of water. The region between 3000-2800 cm
-1

 

indicates C-H stretching coming from the carbohydrate ring in DNA structure.  The peak at 

1640 cm
-1

 indicates the presence of amide bond and the peaks in the range of 1700-1600 

cm
-1

, which shows the presence of other amide bonds and carboxyl groups, can not be 

clearly observed due to overlapping intense bands originating from ODNs. Peaks at 1560, 

1530, 1485, 1467 and 1378 cm
-1

 relate to different vibrations and stretching of DNA bases. 

The peaks between 1200 and 1150 cm
-1

 show the presence of phosphodiester bonds in the 
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DNA backbone. The peaks at 1089 and 971 cm
-1

 relates to PO2
-
 stretch and PO4

-2
 

vibrations of nucleic acids respectively. The peak at 1057 cm
-1

 is C-O stretch of DNA 

structure. Overall these results demonstrate that ODNs are attached to the SWCNTs. Note 

that several centrifugation procedures is applied to remove the nonspecifically bound 

ODNs. The strongest evidence is that the peak at 1640 cm
-1

 shows that ODNs are 

covalently bound to SWCNTs via an amide bond [130]. 

 

 

 

 

Figure 5.2. FTIR spectra of DNA bound Carbon Nanotubes 

 

5.2.  CONSTRUCTING NANORINGS USING ODN LINKERS 

 

This section outlines the construction of nanorings from ODN-bound carbon nanotubes. 

Nanoring structures were assembled in the presence of an ODN linker and observed under 

AFM. To determine the factors affecting nanoring formation, different concentration of 

ODN linkers were used to assemble ODN-bound CNTs. In addition, the effect of ODN 

linker length was investigated by using different lengths of ODN linkers. Lastly, ODN 

sequences that were bound to the CNTs were changed to see if the specificity of this 

sequence contributes to the formation of nanorings.  
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5.2.1. Constructing Nanorings with ODNs D1 and D2 

 

Nanorings were constructed with D1 and D2 at different ODN linker concentrations and 

lengths using ODN linker D7 as illustrated in Figure 5.3. ODNs D1 and D2 contain 10 

Adenosine molecules between the SWCNT and the sequences that hybridize with D7. 

These adenosine molecules are not hybridized and they distance the hybridized sequences 

from SWCNTs. They also give the structure flexibility. ODN linker D7 also contains 9 

Adenosine molecules in the middle, which was used to create a distance between ODN-

SWCNT complexes and to give the structure flexibility. 

 

 

(A)10TGTGTGGAGTTGGCTGTTACGACTA             CTCAGCCCAGGTTCAGTTCTGGTCAT(A)10 

  

      TACACACCTCAACCGACAATGCTGAT  (A)9  GAGTCGGGTCCAAGTCAAGACCAGTA 

 O 

 ║   

-C- NH- 
 

        O 

        ║ 

-NH-C- 
 

 

 

Figure 5.3. Representation of hybridization of ODNs D1 and D2 with ODN linker D7. 

 

It was observed that the prepared solutions formed aggregates on surfaces since ODN-

SWCNT concentration was very high. For this purpose, in accordance with the literature, 

SWCNTs were diluted with a factor of 1:10
8 

in 4 steps in order to prevent their aggregation 

(debundling) [131]. To explain the dynamics leading to formation of nanoring structure, it 

is proposed that sticky ends of ODNs attached to SWCNTs are brought together through 

the hybridization of the ODN linker from two ends as illustrated in Figure 5.4. This creates 

a single SWCNT ring that acts as a seed. After the formation of the seed, because of the 

affinity of SWCNTs towards each other, they form bundles by sitting on top of each other 

during the drying process. As different concentration of ODN linker molecules are tried, it 

was seen that the nanoring structures only form in the presence of 5 mM of ODN linker 

molecule. 
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Figure 5.4. Proposed DNA mediated nanoring model(not in scale) 

 

Although the ODN-SWCNTs are dispersed in water fairly good, it is still possible for them 

to form aggregates.  When SWCNTs are oxidized in an acid, the possible oxidation 

locations are ends or defects on the wall. Considering that the most of the attachment is 

achieved at the ends of the SWCNTs, they will still have the tendency to form aggregates. 

This tendency becomes more dominant in the presence of increased number of SWCNTs. 

When there is a big crowd of them, they may fold onto each other creating amorphous 

aggregates. Therefore, dilution can help to form ring structures by attracting SWCNTs 

around themselves. This creates nanoring structures that can be seen from Figure 5.5. The 

structure constructed with the hybridization of from D1-SWCNTs and D2-SWCNTs with 

the linker D7. It shows the nanoring structures that are around 1 nm high, which is about to 

height of both SWCNTs and ODN.  

 

Figure 5.5 also shows that some ring structures are incomplete whereas other structures 

have aggregates on certain parts. There are also round aggregates that don’t have any holes 

in the middle, indicating these structures did not assemble properly to create nanorings. 
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Figure 5.5. Carbon nanoring structures formed with ODNs D1 and D2 and ODN linker D7 

on glass surfaces. 

 

A glass surface is covered with free silanol (Si-O-H) groups. However, silanol groups do 

not cover the surface uniformly. This non-uniform distribution may influence the 

formation of nanorings on the surface since ODNs can make hydrogen bonds with the free 

silanol groups. As seen, the rings are not perfect on the glass surface. Therefore, the 

experiments were repeated on a much smoother and hydrophilic mica surface.  Since glass 

surface is not smooth. Figure 5.6 shows the formation of carbon nanoring circles on mica 

surfaces. Compared to the nanoring formation on glass surfaces, mica surface shows nearly 

perfect structures with no incomplete circles, no aggregation and no unbound SWCNTs 

Both surfaces are hydrophilic but the surface roughness could also be important. The glass 

surface is much rougher than mica. The hydrophilic nature of mica forces SWCNTs to find 

each other instead of sticking to a hydrophilic and rough surface as it is in the case of glass 

surface so they are likely to form nanoring structures with an ordered way.  

 

While nanorings were formed on glass and mica surfaces since they were hydrophilic, we 

were unable to observe nanorings on TEM grids because carbon film supported grids were 

hydrophobic and nanorings did not assemble on these grids. Figure 5.6 shows that on mica 

surfaces the height of SWCNTs are increased to 5 nm accompanied with an increase in 

their size, which is around 200 nm as opposed to 50 nm. This is because the SWCNTs tend 

to stick to each other more on a highly hydrophilic mica surface and form larger nanoring 

structures as opposed to those on the glass surfaces. 
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Figure 5.6. Carbon nanoring structures formed with ODNs D1 and D2 on mica 

 

As presented in Figure 5.7, when a droplet of suspension containing SWCNT is placed on 

a surface, evaporation starts from the sides and the water molecules move outwards as 

explained earlier. However, since the affinity of SWCNTs for each other is much higher 

than their solubility in water, SWCNTs remain together and shrink into a small area at the 

center of the droplet forming a highly concentrated region. It is not possible to acquire 

images of individual SWCNTs or nanorings from this highly concentrated region. 

However as the droplet dries, individual SWCNTs are adsorbed to the surface starting from 

the contact line of the droplet to the highly concentrated region of the dried droplet at the 

center.  Interestingly, this drying process creates a gradient of concentration on the surface, 

lowest concentration of SWCNTs at contact line and it becomes increasingly higher as 

moved to the highly concentrated region in the middle. What is observed in such a case 

that the nanorings that are formed changes in size and height when the images were 

acquired from regions closer to center. Nanorings at the contact line has about 1-2 nm 

height in a typical droplet, as moved closer to the center, they become higher and the hole 

of the nanorings become smaller. This is due to deposition of many SWCNTs on top of 

each other that is added to nanoring seed from all sides. Figure 5.8 shows 4-6 nm high 

nanorings with a general view and Figure 5.9 is a close up of the nanoring structure. 
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 Highly concentrated Region 

Individual nanorings can not be observed 

 

 

 
Close to highly concentrated region 

Nanoring height is between 10 and 12 nm 

 
 

Close to contact line  

Nanoring height is between 4 and 6 nm 

 

Contact line 

 

 

Figure 5.7. Schematic presentation of drying pattern of SWCNT samples 

 

 

 

Figure 5.8. AFM image of 4-6 nm high carbon nanorings between contact line and highly 

concentrated region 

 

Figure 5.9 clearly shows detailed features of nanorings. As the figure and line analysis of 

the image shows, these nanorings are about 200 nm in diameter and 4-6 nm in height. Even 

though, there are some circles that are filled up and some smaller nanorings, these are due 

to the difference between the lengths of individual SWCNTs that compromise the nanoring 

structure. As the images are acquired closer to the concentrated region, nanoring height 

increases and the hole in the middle becomes barely visible and the height of nanoring 
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becomes around 10 nm. Figure 5.10 shows such nanoring structures where it is hard to see 

the hole in the middle, but based on the line analysis, there is a gap between two sides. 

 

 

 

Figure 5.9. Close up AFM image of 4-6 nm high carbon nanorings between contact line 

and highly concentrated region 

 

 

 

Figure 5.10. AFM image of 10-12 nm high carbon nanorings closer to highly concentrated 

region 

 

To increase the visibility, the contrast of images are increased and presented in blue as seen 

in Figure 5.11. This image was acquired from a similar region where nanoring height is 

above 10 nm and the holes in the middle can be seen. Again, line analysis indicates the 

holes are there, but they are small in size as compared to the holes of 4-6 nm high 

nanorings. 
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Figure 5.11. AFM image of 10-12 nm high carbon nanorings closer to highly concentrated 

region (shown in blue for better visualization) 

 

Figure 5.12 shows close up of the 10-12 nm high carbon nanoring structures where the 

holes can be seen. Interestingly, some holes are filled more than the others, and those 

closer to concentrated region has smaller holes. Overall these results indicate that as 

nanorings begin to assemble, the immediate vicinity of the nanoring seed plays essential 

role on the shape and size nanorings will take. If there is too much ODN-SWCNTs, they 

may become higher and their holes tend to close up. If there isn’t too much SWCNT, the 

size of the nanorings significantly decreases as their building blocks are not present. 

 

 

 

Figure 5.12. Close up AFM image of 10-12 nm high carbon nanorings closer to highly 

concentrated region(shown in blue for better visualization) 
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As discussed above, the concentration of SWCNTs could be an important parameter on the 

formation of nanorings, but also after the nanorings are formed, their proximity to each 

other creates other patterns, which are hard to observe since there is a fine line between the 

formation of nanorings and aggregation of SWCNTs into amorphous shapes. However, 

during the drying process, two nanorings can encounter and combine with each other as 

shown in Figure 5.13 indicated in red line analysis where there are three peaks caused by 

the walls of nanorings and two holes in the middle. 

 

 

 

Figure 5.13. AFM image of combination of two nanorings indicated in red line analysis 

 

In their pristine form, SWCNTs have various lengths, but their acid treatment for 

carboxylation reduces this size. For this reason, most of the ring structure that is observed 

are limited in size and are not composed of long SWCNTs. Another factor is the majority 

of long SWCNTs tend to pack into highly concentrated region since their assembly with 

DNA is much harder than that of short SWCNTs. Even though it is rare to encounter, there 

are nanorings that are composed of long SWCNTs as shown in Figure 5.14, which has an 

overall diameter of 1 μm and a height of 2 nm, which indicates, it is composed of a 

SWCNT layer rather than SWCNTs on top of each other. The thickness of nanorings walls 

varies, but they are around 100-150 nm. 
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Figure 5.14. AFM image of nanoring structure composed of long SWCNTs 

 

5.2.2. Effect of ODN Linker Concentration on Nanorings 

 

As indicated above, the rings were formed only in the presence of 5 mM ODN linker 

concentration. To see how the ring structures were affected with 2,5 mM and 10 mM ODN 

linker concentrations, these samples were prepared. As can be seen from Figure 5.15, with 

2,5 mM ODN linker, it is not enough for SWCNTs to form nanorings independently. 

Therefore, they tend to form incomplete nanoring structures, or several ring structures that 

form aggregates with a height of 1-1.5 nm, which indicates the SWCNTs are a single layer, 

they are not sitting on top of each other. However, at the upper side of the image, there are 

two larger SWCNT networks composed of formation of many incomplete nanorings with a 

height of 2 nm. 

 

 

 

Figure 5.15. AFM image of incomplete nanorings and aggregates 
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Figure 5.16 shows a closer image of the above figure where half formations of nanorings 

and longer aggregates were seen because ODN concentration is not enough to bend 

SWCNT aggregates into full circles close the gaps. 

 

 

 

Figure 5.16. Closer AFM image of incomplete nanorings and aggregates 

 

In order to investigate the influence of the increased ODNs, 10 mM of ODN linker, D7 is 

used to form nanoring structures. Figure 5.17 shows comparison of the AFM images 

obtained with addition of 2,5 and 10 mM ODN linker. As seen, lower concentration of 

ODN causes bending but forms incomplete nanorings. When 10 mM ODN linker is used, 

the nanoring structures are formed but the rings appear to be deformed and smaller than the 

nanorings constructed with the addition of 5 mM ODN linker. The addition of too much of 

ODN linker may also interact through non-specific interaction with SWCNTs, which may 

influence the ring formation in a negative way since for the proposed mechanism it is 

necessary for SWCNTs to maintain their hydrophobic properties through their body. When 

the SWCNTs get better dispersed in water with the excess of added ODN linker, their 

affinity to assemble onto the seed ring structure gets more difficult. As shown on the image, 

SWCNT circles are distorted and smaller, and in some cases, the circle is not formed. In 

conclusion, it can be said that excess ODN linker concentration decreases the efficiency of 

nanoring formation.  
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A 

B 

 

 

Figure 5.17. AFM image of A. Incomplete nanorings and aggregates formed by 2,5 mM 

ODN linker and B. Deformed nanorings due to incomplete aggregation formed by 10 mM 

ODN linker 

 

Over all, these results indicate that there is an optimum concentration for the formation of 

carbon nanorings. The low concentration of ODN linker results with incomplete nanorings 

and featureless aggregates, the high concentrations of ODN linker results with deformed 

nanorings.     

 

5.2.3. Effect of ODN Linker Length on Nanorings 

 

In previous sections, the nanorings were constructed using ODN linker D7, which is the 

longest strand with a length of 61 bases corresponding to about 24 nm. The ODN linker 

length may play a role for the formation of nanorings, so 52 base pair long D5 and 56 base 

pair long D6 were used as ODN linker molecules were constructed and their effect was 

observed with AFM. D7 ODN linker had 9 Adenosine molecules that acts as a spacer and 
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distances ODN-SWCNTs. As shown in Figure 5.18, D6 has a spacer consisting of 4 

Adenosine sequences and D5 has no spacer Adenosine that distances ODN-SWCNTs from 

each other. Since shorter ODN linkers fail to keep SWCNTs at a proper distance from each 

other they can not assemble into individual nanorings. Also, as the number of Adenosine 

bases used as a spacer decreases, the flexibility of the ODNs decreases and ODN-SWCNTs 

can not bend to form nanorings. This lack of distance and flexibility causes SWCNTs to 

assemble onto each other, creating these round shaped aggregates with between 10-20 nm 

height in both D5 and D6 ODN linkers as shown in Figure 5.19. These results indicate that 

ODN linker length and flexibility play an essential role during nanoring formation by 

distancing and bending ODN-SWCNTs. 

 

 

(A)10TGTGTGGAGTTGGCTGTTACGACTA              CTCAGCCCAGGTTCAGTTCTGGTCAT(A)10 
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Figure 5.18. Representation of hybridization of ODNs D1 and D2 with ODN linkers A) D5 

and B) D6 
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 A 

B 

 

 

Figure 5.19. AFM image of round shaped aggregates formed by A. D5 ODN linker and B. 

D6 ODN linker 

 

5.2.4. Constructing Nanorings with ODNs D3 and D4 

 

The formation of nanoring structures with the sequences composed of a single base type is 

further investigated. The D3 and D4 sequences are composed of 20 base long Poly- T. 

These ODNs were covalently linked to SWCNTs and D8, 40 base pair long Poly A group 

was used as an ODN linker molecule as illustrated in Figure 5.20.  
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Figure 5.20. Representation of hybridization of ODNs D3 and D4 with ODN linker D8 



 

 

39 

Results indicate that these ODNs do not form ring structure and generate amorphous 

aggregates as shown in Figure 5.21. The reason for this is that since the ODN linker is 

complementary to ODNs on either end, the hybridization process is not controlled. For this 

reason, either D3 or D4 bound SWCNTs hybridize with themselves creating non-specific 

binding. Also these ODNs do not contain 10 Adenosine sequence that creates a distance 

between different SWCNTs from each other.  Lack of this distance also contributes to the 

formation of amorphous aggregates. As seen in Figure 5.21A. there were various 

aggregates of SWCNTs, since ODN-SWCNTs were hybridizing in a random manner, 

unable to create a nanoring structure. Figure 5.21B. shows that aggregates nanotubes were 

still forming connections with each other in a few cases round structures resembling 

nanorings. However, looking at the overall image, these ring structures are irregular and 

has no resemblance to nanoring structures constructed with D1 and D2 ODNs. These 

results indicate that nanoring formation depends on strict control of ODNs and prevention 

of non-specific binding.  

 

 A 

B 

 

 

Figure 5.21. Non-shaped SWCNT aggregates formed by ODNs D3 and D4 with a A. 

General image and B. A close up 
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5.2.5. Effect of Sonication and Heat on the Stability of Nanorings 

 

Since nanorings are constructed and held together by DNA hybridization, it is important to 

understand how they behave in the presence of external factors that destabilize their 

structure, and whether their shape is reversible after being subjected to the factors that 

targets DNA hybridization. Therefore, the suspension that includes the most successful 

nanoring forming components (ODNs D1 and D2 that were assembled in the presence of 5 

mM ODN linker D7) were subjected to sonication and heating. 

 

After sonicating nanorings for 5 minutes, a droplet of the suspension on a mica surface was 

placed and imaged with AFM. As seen on Figure 5.22, the nanorings structures were 

destroyed. Since the hybridized and assembled structure is destabilized, the ring form is 

lost. The AFM image shows long SWCNT bundles, but these bundles were not increased 

in thickness. The reason the nanoring structure is irreversible upon sonication is ODN 

linkers’ non-covalent interactions and adsorption to SWCNT surfaces. This causes the 

bases of ODN linker to bind to SWCNT instead of the other ODNs to bring them together. 

As a result, nanorings are opened up and they are unable to fold back into their previous 

structures.  

 

 

 

 

Figure 5.22. Opening up of nanorings after sonication 
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Another important external factor for nanoring assembly is heat since denaturation of 

dsDNA occurs at high temperatures. For this reason, nanorings are heated up to 95 
o
C and 

then cooled down to room temperature. However, even before the cooling down process 

occurs, when the temperature of the sample was 95 
o
C, nanorings in the sample dissociate 

and then form long rope shaped aggregates visible to the eye. This aggregate is not formed 

because of DNA hybridization since the sample was 95 
o
C. Its formation is related to the 

affinity of SWCNTs towards each other. Even though SWCNT molecules are carboxylated 

and they appear to be soluble in water, their affinity towards each other remains because 

carboxylation only occurs at the ends of SWCNTs, not all of the sidewalls. When DNA 

mediated structures are broken in these temperatures, SWCNTs tend to find each other to 

form aggregates. Since SWCNTs are DNA bound, formed aggregate don’t precipitate, they 

can float in water because even though SWCNTs hide their hydrophobic parts by 

clustering together, they also have DNA bound hydrophilic parts that tend to associate with 

water. Since the aggregate is very big, it was observed in SEM instead of AFM. As shown 

in Figure 5.23. the aggregate has thick bundles and rope like structures that has a thickness 

of several μm. 

 

 
B A 

 

 

Figure 5.23. A. SEM image of aggregates composed of bundles and rope like structures 

formed after heating of nanorings and B. A close up image of the same structure 

 

Overall, these results indicate that nanoring structures are not reversible upon sonication or 

heating because of the properties of SWCNTs and their interactions. When they are 

sonicated, ODN linkers bind to SWCNTs to make them more soluble and prevent them 
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from aggregation. Also sonication debundles SWCNTs and without free ODN linker 

molecules, they are unable to assemble into nanorings again. When they are heated, 

SWCNTs bundle together forming large aggregates, so they are unable to assemble into 

nanorings again. 
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6. CONCLUSION AND RECOMMENDATIONS 

 

 

6.1. CONCLUSION 

 

Carbon Nanotubes are one of the most promising nanomaterials but their tendency to form 

bundles makes them problematic for a wide variety of applications. Therefore, their 

dispersion and controlled self-assembly is essential for future applications. This thesis 

explored the use of DNA hybridization for the assembly of carbon nanotubes to construct 

higher structures. ODNs were designed to bring SWCNTs together in a controlled manner 

by creating an adjustable distance between them.  

 

ODN linkers that connect these ODN-SWCNTs together contain spacer Adenosine 

molecules to give nanostructure flexibility so that it can fold into nanoring shape. By 

changing the concentration of ODN linker molecules that bind two SWCNTs together, 

nanoring structures were formed. Then, the factors that influenced nanoring formation 

were investigated. Since nanorings are formed due to deposition of SWCNTs onto surfaces, 

their formation differs between the rough hydrophilic glass and smoother mica surfaces, 

and they were unable to assemble on hydrophobic TEM grids, which prevented further 

characterization of nanorings to elucidate SWCNT orientation.  Also, ODN linker 

concentration plays an essential role during nanoring formation since lower amounts of 

ODN linkers formed incomplete bending and interaction of SWCNTs and excessive 

amounts of ODN linker formed deformed nanoring structures since they adsorbed to the 

surface of SWCNTs and prevented the necessary aggregation nanorings require. ODNs 

consisting of single bases showed the importance of sequence specificity in the formation 

of nanorings. Also these ODNs did not contain 10 base pair long Adenosine molecules that 

create a distance between SWCNT and the hybridized part of ODN assisting the assembly 

of nanorings.. Non-specific interactions between ODN-SWCNTs and ODN linker also 

showed that the formation of nanorings depends on the specific DNA sequences without 

random hybridization. The effect of sonication and heat was shown to be disruptive to the 

nanoring structure and irreversible due to the interactions between SWCNT and DNA 

molecules.  
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In conclusion, nanorings were produced using DNA self-assembly. This thesis also showed 

that by changing the parameters of self-assembly, such as the ratio of hybridized DNA-

SWCNT complexes or ODN linker concentration, these nanostructures assume different 

shapes, which can be investigated in future research on self-assembly.  Also the factors 

outlined in this thesis provide a framework for further self-assembly research on SWCNTs . 

  

6.2. RECOMMENDATIONS 

 

In future work, using the building blocks that were outlined on this thesis, complex 

nanostructures based on nanorings can be designed. Using multistep approaches, several 

types of nanorings can be constructed and hybridized between each other to form complex 

networks using DNA hybridization. These nanorings can be used for the producing 

nanoelectronic devices and surfaces with different properties.  

 

While this thesis outlines nanoring formation on glass and mica surfaces with changing 

ODN linker concentration, their assembly patterns in a suspension was not investigated. A 

research project in that direction would allow us to observe DNA-SWCNT dynamics in 

suspension, thus creating nanostructures that can be used for gene delivery. These 

nanorings can also be modified with sugar molecules or specific antibodies to target cancer 

cells. Since these structures are dissociated upon heating, non-invasive lasers can be used 

for controlled gene and drug delivery. Using this method, release of certain drugs and 

genes can be restricted to specific sites in the body, mostly for cancer research. For these 

reasons, it is essential to evaluate in vitro and in vivo toxicity of these nanorings. Because 

of the wide range of surface modifications available to researchers, it is also possible to 

PEGylate or the use of other polymers to introduce these structures to the body. This way, 

their toxicity issues would be addressed and they can be used for photothermal therapy, 

where SWCNTs are excited with 785 nm Near Infra Red laser and heat the cell they are 

inside, inducing apoptosis.   

 

While this thesis describes only the binding of two different ODN-SWCNT complexes 

together, there are various nanostructures created with DNA self-assembly approach such 

as DNA tiles that can be hybridized with SWCNTs. These complex nanostructures provide 

various platforms to assemble SWCNTs into specific patterns, so in the future DNA 
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mediated SWCNT self-assembly can be applied to create more complex patterns using 

these structures.    
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