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ABSTRACT

NANOSTRUCTURES CONSTRUCTED VIA SELF-ASSEMBLY OF
NANOPARTICLES USING DNA HYBRIDIZATION

Nanoparticles (NPs) are used as building blocksctmstruction of sensors, bio-
diagnostic tools and drug delivery agents. Howether biggest challenge for their use is to
construct such nanoconstructions via assembly of MPdesired geometry into two
dimensional (2D) or three dimensional structure®)(3In general, there are two
approaches to prepare nanostructure: top-down attdni-up. Lithography is an example
of top-down techniques which are limited in scald &ave some other limitations such as
hard preparation in order and expensive instrumedts the other hand, bottom-up
methods, so called self-assembly, have not saaltalions because it uses the interactions
biomacromolecules, for instance DNA, RNA, peptidigid, carbohydrates and other
small molecules. Among them, DNA seems to be aalid®terial for attaining complex
self-assembly due to its easily expected secondamycture and well understood of
hybridization properties in Watson-Crick base mpayri Likewise, DNA is easy to be

modified, sequenced and can interact with otheemaes to its specific site.

In this work, it is aimed to construct two diffetemanostructures via self-assembly
of gold nanoparticles (AuNPs) by the help of DNA.the first one, 2D nanostructure is
constructed by assembling of 13 nm AuNPs on pregded 4x4 DNA tile origami
structure in the suspension. In the second onégreiftly modified two 13 nm gold
colloids are assembled together by adding ten réifiteDNA linkers to construct nano
cubic structures. The prepared samples are analggedFM on the surface and by
Zetasizer and SAXS in the suspension. Based onpthmeiples of nanoconstruction
presented in this thesis, the construction of naacires for the design and preparation of
much complex nanostructures using the NPs as hgiladiocks is clarified.



OZET

DNA HIBRIDIZASYONUNU KULLANARAK NANOPARGCACIKLARIN
KENDILIGINDEN BIR ARAYA GET IRILMELER i YOLUYLA
NANOYAPILARIN INSA EDILMESI

Nanoparcaciklar, sensor,shés araclari ve ila¢ gama araclarinin yapiminda yapi
taslari olarak kullanilirlar. Ne var ki, nanoparcaaikh kullanimlarinda, onlari diizenli ve
istenilen birsekilde bir araya getirerek, onlardan 2 boyutlu v8yhaoyutlu nanoyapilarin
insa edilmesi buyuk bir sorungal etmektedir. Nanoyapi hazirlanmasinda, gen&]iid
yaklasim vardir: yukaridansagiya ve aagidan-yukariya. Litografi yukaridarsagiya
tekniklerinden biridir ve gerek kisith élgek kutlemi olsun, gerekse de dizenli @lmlar
yapmanin zorlgu ve pahali cihazlar kullanmak olsun, bazi kisidem vardir. Dger
taraftan, gagidan-yukariya yontemleri veya bir ¢k@ ifadeyle kendiiinden bir araya
getiriime yontemleri dlgek kisitlamalarindan muafainki bu yontemlerde, DNA, RNA,
peptit, lipit, karbonhidrat ve der molekuller gibi biyomakromolekullerin birbirleri
arasindaki etkilgmi kullanirlar. Bunlar arasindan, DNA, kolayca beklen ikincil yapi
olusumu ve Watson-Crick baz paylenindaki hibridizasyon ozelliklerinin iyi angdmasi
hasebiyle, karmgk kendiliginden bir araya getiriimeler icin ideal malzeme igib
gozukmektedir. Ayrica, DNA kolayca istenilesekilde modifiye edilebilir, baz dizilimi

degistirilebilir ve diger molekuller ile 6zel kisimlarindan @anabilir.

Bu calsmada, DNA yardimiyla altin nanoparcaciklarin (AuN&ndiliginden bir
araya getirimleri yontemiyle, iki farkli nanoyapmiingasi amaclanmtir. Bunlardan
ilkinde, iki boyutlu yapilar, 13 nm AuNP’larin 6nden tasarimi yapilméx4 DNA karosu
origamik yapisinin (zerine toplanmasiyla stispamsigerisinde iga edilmitirler. ikinci
calismada ise, nano Olgekte kubik yapilar splumak icin, yuzeyleri farkli DNA'lar ile
modifiye edilmg iki 13 nm AuNP, on faklh DNA bgacinin eklenmesiyle bir araya
toplanmalari selanmstir. Hazirlanan yizeydeki 6rnekler AFM’de bakilirkestispansiyon
icindeki oOrnekler Zetasizer ve SAXS cihazlarindaeienmgtir. Bu tezde sunulmu
prensipler giginda, NP’larin yapi tdari olarak kullanimlariyla daha karmla
nanoyapilarin tasarlanip hazirlanaragaiedilmeleri izah edilngtir.
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1. INTRODUCTION

“Nano” is derived from the Greek wordidvog”, means “dwarf’; and is used as a
denoting factor of 18 in the metric system. To compare how it is too I§nfagure 1.1
helps us to comprehend: a human hair has wb@@vide, a human cell is around ffh,
size of a bacterium is gm, width of the cell membrane is 12 nm, diametethef DNA is

2.5 nm and an atom is around 0.1 nm.

D& atom
{25 rra) (0,1 nrn)

Figure 1.1. The overview of the structures from rado nanoscale

Human beings have used nanotechnology since artoees. Although this was an
unwitting process in early times, amazing prodinetge been made in steel, paintings and
glasses such as The Lycurgus Cup fréhtdntury in Rome, shown in Figure 1.2. Michael
Faraday realized colloidal gold which was reddisistead of gold color, liquid contains
tiny gold particles in 1857, and he first clarifititht was due to the minute size of the
particles [1]. After a famous talk, “There’s plerdfyroom at the bottom”, done by Richard
Feynman at the California Institute of Technology@ecember 29, 1959, a new field of
physics arose, called nanoscience [2]. He suggésttdt was possible to manipulate the
matter at the atomic level, however new tools ltabtlé constructed. The development of
nanotechnology was stimulated by the new technicuresb vision of Professor Norio
Taniguchi, first man used the term of “Nanotechgglo from Tokyo Science University
in 1974 [3].



Figure 1.2. The image of the made from glass iredugbld nanopatrticles; seen in
reflected light (A) and transmitted light (B) [4]

The first definition of nanotechnology is “produantitechnology to get the extra high
accuracy and ultra fine dimensions, i.e. the pes@ss and fineness on the order of 1 nm
(nanometer), 18 meter in length” by Norio Taniguchi in 1974 [3]han it is changed to
“the synthesis of novel life forms” [5]. The commdefinition is, today, “the technology
deals with structures sized between 1 to 100 nfi’'H6wever, the wide and correct one is
“The creation of functional materials, devices agdtems through control of matter on the
nanometer length scale (1-100 nanometers), ancitqobn of novel phenomena and
properties (physical, chemical, biological) at tHahgth scale” according to NASA
website. “Novel phenomena and properties” is witatds in the definition due to quantum

effect, otherwise it is not considered as nanoteldyy.

Classical mechanics, which is also known as Newtomiechanics, is valid in our
macro life. On the contrary, as the size of thdesysdecreases, new physical phenomena
called “Quantum Mechanics” come into play. Quanteffiect is dominant in the
nanometer size range, and thus the physical prepeof the matter are altered when
compared to its similar examples in the macroscepgtems [7]. For instance, since the
ratio of surface area to volume increases in naatesmechanical, thermal and catalytic
properties of materials are changed: diffusion @edctions are faster. Additionally,
opaque substances can be transparent and insohalvézials can be soluble; copper and
gold, respectively [8].



In nanotechnology, there are two major bottlenetksynthesize nanoparticles into
desired shape and size, and to assemble themesieed geometry. Even though the first
problem has been overcome up to now [9-13], therlatmains as a big challenge in nano
world. There are two approaches for nanoconstmictmp-down and bottom-up. Whereas
top-down approaches seek to construct nanoscaleedefrom larger bulk materials,
bottom-up approaches seek to produce them by asisgnom building blocks, like as in
the nature, as seen Figure 1.3. On the one handlown approaches use the methods of
cutting, carving and milling to shape into order fithography. Common lithographic
methods are photolithography [14], extreme UV Igtaphy [15], electron beam
lithography [16], ion beam lithography [17] and 2yr lithography [18]. Although
lithography is a powerful tool, it is consideredle limited in scale [19] and have some
other limitations such as difficult preparation iordered pattern and expensive
instrumentation. On the other hand, bottom-up,cocalled self-assembly, approaches in
nanotechnology rely on to self organize or seléagde the single nanostructures by using
variety of existing forces in solution. Since itnist limited in scale, using self assembly to

manufacture nanostructures is promising methociotechnology.

Top down

'

Bottom up

L

( 4

Figure 1.3. The schematic representation of toprdamd bottom-up approaches for

nanostructure construction

There are various applications to use constructetbstructures and nanoparticles,
such as carbon nanotube (CNT), quantum dot (QDynetec nanoparticle (MNP), silver
nanoparticle (AgNP) and gold nanoparticle (AuNPigure 1.4 shows the figures that



represents some the studies for applications cfetidPs. First of all, carbon nanotubes
have good electrical, chemical, optical and therpraperties. CNTs can be either single
wall or multi wall and their diameter can vary frddi7 nm to 10 nm. The aspect ratio
which is defined as length to diameter can be up®o There are wide application areas
for CNTs in nanoelectronic devices, sensor and ingagystems, separation, purification,
catalysis and energy storage [20-23]. Secondlynigma dots are one of the milestones in
nanotechnology. They have extraordinary photochaimand photophysical properties
with a size range in between 1 nm to 10 nm. Depgndn their size, QDs emit light in
different wavelength according to their stable fescence capability. Common application
areas of QDs are imaging systems in vivo cancaliesun medicine [24, 25]. The other
group of amazing nanoparticles is magnetic nanmpariSince it is easy to functionalize
and guide MNPs by external magnetic field, theywsed in magnetic resonance imaging
(MRI), catalysis, data storage and environmentalesiation [26-28]. The noble metal
nanoparticles, AgNPs and AuNPs, are commonly engolog many areas of science and
technology due to their plasmonic properties. Sthese NPs both absorb and scatter the
light simultaneously, the absorbed light is effeely transferred to heat while scattered
light can be used for imaging. The excitation offate plasmons upon overlap of
impinging light frequency with the oscillation fregncy of electron system of the
nanostructure enhances the Raman scattering, winds variety of applications in
chemistry, biology, medicine and material scierz@-33]. AUNPs, however, due to their
biocompatibility, they are preferably used in biahwal applications, such as in
photothermal therapy [34], in gene therapy [35] asc drug carrier [36].

The aim of this study was to investigate the as$enoh AuNPs via using
hybridization power of DNA. The AuNPs are chosemaxlel NPs due to their easy and
relatively uniform size distribution. Two differemanostructures are constructed for this
purpose. In the first one, the 13 nm AuNPs arerabksl on pre-designed DNA origami
structure in the suspension. In the second onéerdiftly modified two 13 nm gold
colloids are assembled together by adding DNA ligske construct nano cubic structures.
The prepared samples are analyzed by AFM on tHfacguand by UV/Vis spectroscopy,

Zetasizer and SAXS in the suspension.
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Figure 1.4. Images of QDs (A), CNTs (B), MNPs (ByNPs (D) and AuNPs (E) on
different application areas [37-41]



2. THEORETICAL BACKGROUND

Examples of manufacturing nanostructures in thexdture are briefly explained in
this chapter. After top-down approaches are dismljsselected studies of self assembly are

explained in detail and finally the importance loé bottom-up approach is emphasized.

2.1. TOP DOWN APPROACHES

Top down approaches start with large scale bullerres and reduce its dimensions
to form nanostructures. Most common lithographichteques are photolithography, e-
beam lithography, ion-beam lithography and X-rayhdgraphy. Among them,
photolithography, widely used one, is describedatalil.

2.1.1. Photolithography

Photolithography comes from combination of Latinrés “light-stone-writing”.
Generally, it is the process that geometric shapean optical mask are transferred to the
surface of a silicon wafer [42]. Before startinige twafer first is chemically cleaned from
organic, ionic and metallic impurities. Then theface of the wafer is deposited by silicon
dioxide for barrier layer. After deposition, phatsrst coating is applied by spin coating.
There are two types of photoresist: positive angatiee photoresist. In the former one,
where the UV light is exposed on, the materialesioved. However, when the light is
exposed to negative resist, it remains on the serfélthough negative resists were
initially used in the early times, positive resisi®e widely used now because of better
controllability for small shapes. Then the solveimtsn photoresist coating are removed.
This process is called soft-baking which has aiticole for photosensitivity of the
photoresist. Finally, the mask has to be aligneldrbeUV light exposure. The light is
usually chosen at smaller wavelength; because, rdiogp to Abbe’s principle, the
resolution is proportional to the wavelength aneeisely to the angle of exposure. For that
reason, Fluorine lasers are used in the industoywever, as the wavelength is reduced, the

system becomes more complicated and the cost ehémeifacturing increases.



A) ! Light Source B) * l ‘ 4 ‘
i (248 to 193nm) —

NECGATIVE RESIST

Condenser

Lens System Resist exposure characteristics
[ Mask
X Q)
= LRI
Reduction T 1 _—
Lens System . e
VIR " —_— VN

FOSITIVE RC3I1ST

Resiston
Si Water Resist after development

Figure 2.1. Schematic representation of photolitapgy (A) and negative (B) and positive
resists (B) [42]

2.1.2. Other Lithographic Techniques

One of the other lithographic techniques is e-b&tmagraphy. Since the wavelength
of an electron beam is shorter than the light, @abéthography has been used for many
years instead photolithography. In order to ditéet electron beam, magnetic lenses are
used, in place of condenser lenses in photolithggraAlthough the spot size is very small
as 0.5 nm, the resolution of the system is limiigdhe scattering distance of the electrons.
The main problem of the e-beam lithography is, h@veslow process to manufacture. As
for ion-beam lithography, ionized atoms are usethis system. Being heavier of ionized
atoms than electrons provides it to be more comvento control them by lenses.
Additionally, heavy ions scatter less than electro®n the other hand, the ion-beam
lithography is still slow process like as the poad ones. Finally, X-ray lithography is
used in the industry. It is based on the X-rayssasexposure source. Therefore, X-ray
lithography is extremely expensive due to the that it is difficult to obtain high quality
X-rays [42].

All in all, top-down approaches have to be replagdith bottom-up approaches in
order to construct high throughput, less expensarmostructures.



2.2. BOTTOM UP APPROACHES

Bottom up, or self assembly, approaches are thegrisun of nanofabrication.
Although it is most similar to the behavior in thature and a more promising approach
compared to top-down, it still has to be developedhis part of the chapter, self assembly
is discussed in two sections: self assembly aiditjquid interface and self assembly at

solid-liquid interface.

2.2.1. Self Assembly at Liquid-Liquid Interfaces

Liquid-liquid interfaces are used in the organiaatiof nanoscale objects. It is
possible to produce defect-free nanosurfaces [¢2jding the interface of two immiscible
liquids such as oil-water interface where the faigal tension is high [44]. In one
example, CdSe nanoparticles are assembled at aldtwceform interface [45]. In another
one, heterodimeric nanoparticles are formed by empsnt seeding of AgNPs on the
outside of assembled &, nanoparticles on a liquid-liquid interface [46]hd self
assembly of NPs at liquid-liquid interfaces stemwsrf the decreasing of high interfacial

energy between two liquids by assembly of NPsairnterface [47].

water droplet

PS solution/CDSe
nanoparticles in CHCI,

Ag* Ag’
B) e g i
: — —> O
organic droplet
Ag’ Ag’ :
g Ag’ Ag

aqueous phase

© = nanoparticle (Fe,0,, Au or FePt)
® = Ag-nanoparticle

Figure 2.2. Assembly of CdSe NPs at water-chloroforterface [45] (A) and formation of
heterodimeric NPs at liquid-liquid interface [4&])(



2.2.2. Self Assembly at Solid-Liquid Interfaces

The self assembly of NPs can be achieved at solddl interfaces. Basically, this
approach includes to assemble the NPs from thepensions to solid surfaces into one
dimensional (1D), 2D and 3D structures. In thidhiteque, supramolecular interactions (for
instance: electrostatic interactions [48], oligdeotides [49], metal complexes [50],
directed hydrogen bonds [51] and hydrophobic fo[é23) between surface and NPs are
used. This type of self assembly can be considierdtiree different parts as in drying

droplet, template assisted and programmed selfrdgge

2.2.2.1. Sdf Assembly from a Drying Droplet

As the droplet dries, there is a pattern remairongthe surface. The controlling
distribution of the NPs in a drying droplet of sespion placed on surfaces has critical
importance for the assembly of the NPs prepareslgpensions. For this reason, several
studies have been reported for 20 years [53-57Mhdroplet is placed onto the surface,
it pins from the contact line at the surface dejpgnan the roughness of the surface, a
phenomenon known as “contact line pinning” [56,.3¥hile evaporation, in order to keep
the contact line fixed, it is replenished by thguld from the interior part which causes not
only to evaporate faster at the edges, but al$orto a ring at the perimeter of the droplet.
This replenishment process drags all particlefi¢opinned contact line and piles them up
to form a ring-like structure, known as “coffee gin Nevertheless, several studies
investigated in details for the assembly of the WPsrying droplet, even in a moving
droplet [58]; it is still needed to understand tnirol the assembly of NPs in a sessile
droplet. The complexity of the process requiresthier investigation to control the
behavior of the NPs to benefit from the procesastemble the NPs.

A) B)

Ty,

E ]

Figure 2.3. Outward flow mechanism of the dryingplet pinned from contact line (A)

and image of a dried droplet (B) [56]
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2.2.2.2. Template Assisted Self Assembly

In this approach, self assembly can be directed template that is often fabricated
by top-down approaches, such as e-beam lithographlylight lithography or chemical
applications such as co-polymer and chemical fonelization [59]. For example, in the
study of Cui et al., 50 nm gold nanopatrticles aseabled into the wells that are defined
by electron-beam lithography as seen in Figure [B@]. For directing NPs, surface
topography, electric and magnetic fields or sheares can be used. Even supramolecules

[61] and particles [62] can be used as template.

— 200 n

Figure 2.4. SEM image of 50 nm AuNPs assembledvigtits defined by e-beam
lithography [60]

2.2.2.3. Programmed Self Assembly

Programmed self assembly is another key approachutid nanostructures and
nanodevices. Although current ability to form namstructs is quite limited compared to
lithographic techniques, it is the most promisieghnique due to the absence of scale
limitation and being high throughput constructioonttary to top-down approaches. In
programmed self assembly, the interaction betwesaral molecules for instance DNA
[63], RNA [64], peptide [65], lipid [66], carbohydies [67] and other small molecules
[68], are used to construct nanostructures. Amdremi{ DNA seems to be an ideal
material for attaining complex self-assembly duégeasily expected secondary structure
and well understood hybridization properties in ¥éatCrick base pairing. Likewise,
DNA is easy to be modified and can interact witheotmolecules on its specific site.
Additionally, structures made of DNA can be eadi#gigned by computer.
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In this section, some of the fundamental exampfgga@grammed self assembly of
NPs by DNA from the literature are summarized. e first study of Mirkin et al.,
oligodeoxynucleotide (ODN) bound 13 nm AuNPs areeatbled by the hybridization of
ODNs with the linker DNA strands [69] in 1996. Théaucic et al. showed the production
of 2D shape from the assembly of AUNPs by combamatif small sized NPs (8 nm) on a
large one (31 nm) by using DNA hybridization betwegsDNAs on the NPs [70].
Meanwhile, Alivisatos et al. investigated the origation of ODN-bound AuNPs by
hybridization on a ssDNA molecule [71]. With thisidy, it was shown that it is possible
to arrange NPs on a DNA molecule to form largerasémictures. However the final DNA
molecule was very simple for the complex structuitesas linear and the NPs can only be
arranged along that line. Afterwards, new strategvere developed to produce complex
and more rigid structures from DNA, called DNA Cuigi [72, 73]. In this strategy, large
DNA structures are engineered by folding of a sngfranded long ODN with smaller
DNA strands, staple strands. For the backbone dtrancircular single stranded viral
genome, M13 bacteriophage, is generally used aplesstrands vary in length, up to 30
base pairs (bp). By using DNA Origami, it becomessgible to produce 2D DNA shapes;
such as star, smiley faces and triangles, as shovigure 2.5. In 2003, the group of
LaBean and Yan designed 4x4 DNA tiles from DNA @ng and made 2D grids by
assembling the tiles [74]. Seaming of DNA Origamialso possible which provides to
produce 3D shapes from DNA. Last years, Anderseal.@nade a 3D DNA box with a
controllable lid [75] and Sharma et al. made DNAuies [76].

As a novel idea, different from the literature, time first part of the thesis, a
nanostructure is aimed to construct by attachin@ON-bound AuNPs on to the free parts
of 4x4 DNA Origami which is inspired by the studiy\an.

In another approach, DNA nanotechnology deals with crystallization of DNA-
directed colloids [77-80]. Firstly, in 2008, Nykypehuk et al. investigated the
organization of AUNPs aggregation by using DNA Igization through a heating-cooling
cycle [77]. The AuNPs were assembled from the hiybation of their ODNs that bind to
their surface with variety of spacer lengths frome NP side. Formation of crystalline
structures was observed from SAXS analysis. Atdame times, the group of Mirkin

showed that body-centered cubic and face-centarbit crystal structures were possible
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to be directed by the absence or presence of @aonding single base flexor which was
located at both sides of the hybridized part wigcim the middle [78].

In the second part of this thesis, AUNPs are fonetized with two different ODNs
separately, while one type of ODNs binds from 5d.etine other binds from 3’ end. The
purpose is to aggregate AuNPs in a controlled wawdiding a DNA linker which has
complement sequences with both ODNs and 0 to 9 iratpdbases. The controllable
aggregation of the NPs by a DNA linker addition &nel effect of unpaired bases between
the hybridized strands are investigated.

[ |
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Figure 2.5. Images selected from fundamental ssudi®NA nanotechnology [70, 71, 73-
75, 77]
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3. MATERIALS

3.1. REAGENTS

HAuCl,.3H,0O was purchased from Fluka (Taufkirchen, Germany)sodium citrate
was purchased from Merck (New Jersey, USA) for lsgsis of gold nanoparticles. The
oligodeoxynucleotides (ODNs) were purchased fromtingen (California, USA) and
AlphaDNA (Quebec, Canada) as shown in Table 3.1Tafde 3.2. Dithiothreitol (DTT)
was purchased from Bio Basic Inc. (New York, USA) fleprotection of dithiolated
ODNs and PCR purification kit from Promega (Wisdan®JSA). Finally, 10K MWCO
Slide-A-Lyzer Dialysis Cassettes were purchaseanfrbhermo Fisher Scientific Inc.
(lllinois, USA).

3.2. OLIGODEOXYNUCLEOTIDES (ODNSs)

The ODNs were purchased as 200 nmol (desalted)peshred as 100M with
dH,O. Table 3.1 and 3.2 show the sequences of the OQDN® used in two different
studies: constructing nanostructures by using DNAig&@ni and constructing
nanostructures by adding DNA linker, respectivedDl, D2, D14 and D15 are thiol
modified ODNs; while D1 and D14 are modified fromend and unprotected, D2 and
D15 are modified from 3’ end and protected whichamsehave not got free —SH at the end.
The remains are single-stranded DNA (ssDNA) molkezullhe sequences are given as

from 5’ end to 3’end.
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Table 3.1. The properties of ODNs used in constrgatanostructures by using DNA

Origami
Label Sequence (from 5’ to 3’) Base Brand
number
D1 | HS-(CH)e-TTTTTTTTTTTTTTTTTTTT 20 A[‘)IET‘
D2 | TTTTTTTTTTTTTTTTTTTT-(CH)e-S-S-(CH)s-CHs 20 A[‘)Iﬁga
AGGCACCATCGTAGGAAAATCTGCGTCAGCTCT]
CCGTACACCAGTGCTTCCATGCGAAGTAAAAC Alpha
D3 | GTTCCGATCACCAACGGAGTAAAACGATCTAA 140 DNA
CTGATAACTAGCACCTCTGCTCACGTGAGGAGT
AAAACTTGCC
D4 ATACCGGAGGCTTCCTGTACGGAGAGCTGACG 54 Invitrogen
CAGACCTACGATGGACACGCCG
D5 ATGCAACCTGCCTGGCAAGACTCCTCACGTGAG 54 Invitrogen
CAGAGGACTACTCATCCGTTA
D6 TTTCCGACTGAGCCCTGCTAGTTATCAGTTAGA 54 Invitrogen
TCGACTCCGTTGGACGAACAG
D7 ATAGCGCCTGATCGGAACGACTTCGCATGGAA 54 Invitrogen
GCACTGGACCGTTCTACCGATT
DS CTCGCAATCGGTAGAACGGTGGAAGCCTCCGG 40 Invitrogen
TATGCATG
AAAAAAAAAACGGCGTGTGGTTGCATAAAAAA .
D9 AAAA 36 Invitrogen
D10 CGCTATAACGGATGAGTAGTGGGCTCAGTCGG 40 Invitrogen
AAAAGGTC
AAAAAAAAAACTGTTCGTGGCGCTATAAAAAA .
D11 AAAA 36 Invitrogen
D12 TAGCGAATCGGTAGAACGGTGGAAGCCTCCGG 40 Invitrogen
TATGACCT
D13 GCGAGTAACGGATGAGTAGTGGGCTCAGTCGG 40 Invitrogen
AAACATGC
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Table 3.2. The properties of ODNs used in Congtigdtlanostructures by adding DNA

Linker
Label Sequence (from 5’ to 3’) Base Brand
number
HS-(CHp)e- Alpha
D14 | AAAAAAAAAAATGTGTGGAGTTGGCTGTTACG 36
ACTA DNA
D15 CTCAGCCCAGGTTCAGTTCTGGTCATAAAAAAA 36 Alpha
AAA-(CH )6-S-S-(CH)s-CH3 DNA
D16 ATGACCAGAACTGAACCTGGGCTGAGTAGTCG 52 Invitrogen
TAACAGCCAACTCCACACAT 9
ATGACCAGAACTGAACCTGGGCTGAGATAGTC .
D17 53 Invitrogen

GTAACAGCCAACTCCACACAT

D18 ATGACCAGAACTGAACCTGGGCTGAGAATAGT 54 Invitrogen
CGTAACAGCCAACTCCACACAT g

D19 ATGACCAGAACTGAACCTGGGCTGAGAAA 55 Invitrogen
TAGTCGTAACAGCCAACTCCACACAT g

520 | ATGACCAGAACTGAACCTGGGCTGAGAAAATA 5 | imvitrogen
GTCGTAACAGCCAACTCCACACAT 9

021 | ATGACCAGAACTGAACCTGGGCTGAGAAAAAT | o | o
AGTCGTAACAGCCAACTCCACACAT 9

52 | ATGACCAGAACTGAACCTGGGCTGAGAAARAA | oo | oo
TAGTCGTAACAGCCAACTCCACACAT 9

D23 ATGACCAGAACTGAACCTGGGCTGAGAAAAAA 59 Invitrogen
ATAGTCGTAACAGCCAACTCCACACAT g

524 | ATGACCAGAACTGAACCTGGGCTGAGAAARAA | (o | oo
AATAGTCGTAACAGCCAACTCCACACAT 9

D25 ATGACCAGAACTGAACCTGGGCTGAGAAAAAA 61 Invitrogen
AAATAGTCGTAACAGCCAACTCCACACAT g
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4. METHODS

4.1. SYNTHESIS OF GOLD NANOPARTICLES

13 nm size of spherical AUNPs were synthesizedguiia citrate reduction method

[13]. Firstly, 0.2-g of HAuCGJ.3H,O was dissolved in 500 ml distilled water in an
Erlenmeyer flask well cleaned by chromic acid. T$ogution was heated and stirred until
boiling. After boiling, 50-ml of 38.8 uM sodium citte was added slowly. The solution
was kept boiling for 15 min. After cooling, the mtlal suspensions were filtered by 0.45
um filter. Figure 4.1 shows the UV/Vis spectroscopnalysis and the image of the
suspension. Maximum absorption is measured at $20Average size distribution by

number of the colloidal suspension is measuredBasiin Zetasizer and shown in Figure
4.2 which is consistent with the TEM image of sjterAuNPs shown in Figure 4.3.

A) 257 520 nm B)
2 _

1.5+

Absorbance

0.5+

0 T T T T T T T T T T T T T T T T T 1
350 400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 4.1. UV-Vis spectroscopic characterizatibd®nm AuNPs
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Figure 4.2. Zetasizer size distributions by nunmidfesynthesized colloidal gold suspension

Figure 4.3. TEM image of 13 nm AuNPs
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4.2. DEPROTECTION OF THIOLATED ODNs

Since D2 and D15 were purchased as protected,rtfuegty needs to be deprotected,
which means to break S-S bond attached to the )6CHs and make the 3’ end of ODN
as free thiol bond (-SH). For this purpose, D2 &idb ODNs were incubated in 0.1 M
dithiothreitol (DTT) at 55°C for 16 hours. DTT is a reducing agent that cleatree
disulfide bond of a molecule. The excess moleculese removed from the solution by

purification Kit.
4.3. BINDING OF THIOLATED ODNs TO GOLD COLLOIDS

The synthesized AuNPs possess citrate ions on shefaces. Replacing of citrate
ion with thiol of the modified ODN makes ODN podsilto bind chemically on the gold
colloid. According to Hill et al, the capacity féwading of a 13 nm AuNP with ODN is
110 ODN per particle [81]. The concentration of thgsized gold colloid suspension is
10" AuNPs per ml [13]. Therefore, in order to loadyutach AuNP with thiol modified
ODNSs, higher than 0 ODNs were added to 1-ml of colloidal suspension.ificrease
binding kinetics, the suspension was shaken ogtni

4.4. DIALYSIS OF ODN BOUND AuNP SUSPENSION

Although it is supposed that all ODNs are boundh® surface of AUNPs, some of
them might be not. Consequently, unbound ODNSs, #ilscexcess citrate, were removed
from the suspension by using 10,000 MWCO Slide-A4ry Dialysis Cassettes. The
membranes of the cassettes only allow the pasdagelecules below a certain molecular
weight (MW), 10KDa. Since MW of 13 nm AuNP is mugigher than 10 KDa and that of
all used ODN molecules and citrate ions are ldss,rémaining solution would be only
have ODN-bound 13 nm AuNPs. After the cassetteswemaded with the suspensions,
they are placed in a beaker containing 2 literiltigt water. The water was changed 3
times every 2 hours and finally the beaker was keégf’C in a refrigerator over night. The
suspension was taken in and out by a syringe. €igut shows the Zetasizer analysis
before and after dialysis of D1-bound AuNP suspmmsand it is clearly seen that

unwanted molecules are removed and the averagefguegticle increased to 15 nm.
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Figure 4.4. Zetasizer size distributions of D1 a8 nm AuNP before and after dialysis

4.5. CONSTRUCTION OF NANOSTRUCTURES

4.5.1. Constructing Nanostructures by Using DNA Cgami

4.5.1.1. Constructing DNA Origami

Two DNA Origami were produced by combining of cert@DNs as shown in Table
4.1 and labeled as Origami-A (OrA) and Origami-BrBD The differences between the
Origami are the sticky ends that are labeled inrcas shown in Figure 4.5 and Figure 4.6.

While producing Origami, the DNA mixture was run if%6 agarose gel once to observe

19

controlled hybridization. The final concentratiohtibe Origami was 1uM. The reason for

using two Origami is to control the elongation bétOrigami structure. The elongation

achieved by hybridizing from sticky ends.

Table 4.1. The ODNSs list to construct Origami-A @xigami-B in order

Origami-A

D3+D4+D9+D5+D10+D6+D11+D7+D8

Origami-B

D3+D4+D9+D5+D13+D6+D11+D7+D12
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Figure 4.5. Design of Origami-A with sequences &All its schematic representation (B)



21

) A M
A A
A A
A A
A A
A A
A A
A A
A A
A A
G C T A
c G A T
c G c G
G c G c
c G T A
A T T A
c G G c
A T G c
A T
G c c G
G c G c
T A G c
A T A T
G c C G
clle M|
A T G c
T AT A
c G T A
c G C G
ATACCGGAGGCTTCC TGTACGGAGAGCTGACGCAGA ACTCCTCACGTGAGCAGAGG ACTACTCATCCGTTQ
A A
TATGGCCTCCGAAGG| [ACATGCCTCTCGACTGCGTCT AR AAA  TGAGGAGTGCATCGTCTCC TGATGAGTAGGCAAT
TAGCG  AATCGGTAGAACGGT CCAGTGCTTCCATGCGAAGT _AA, AAA_ CGATCTAACTGATAACTAGCA GGGCTCAGTCGGAA  CATGG_
A A
TTAGCCATCTTGCCA GGTCACGAAGGTACGCTTCA GCTAGATTGACTATTGATCGT CCCGAGTCAGCCTTT
G c T A
c G G c
A T A T
A T G c
G c G c
G c ¢ G
¢ G A T
T A A T
A T C G
G c C G
T A
(e} G T A
C G G c
G c C G
C G T A
G c T A
A T G c
T A T A
A T C G
A A
A A
A A
A A
A A
A A
A A
A A
/A A
A A

Figure 4.6. Design of Origami-B with sequences Al its schematic representation (B)
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4.5.1.2. Binding of ODN-Bound AuNPs to Constructed DNA Origami

D1-bound 13 nm AuNPs and D2-bound 13 nm AuNPs \aé&eched to Origami-A
and Origami-B separately, as seen in Figure 4.dlitAchally, Figure 4.8 shows the ODN-
bound AuNPs were attached to OrA and OrB mixturee Tonstructed structures were
analyzed under AFM.

Figure 4.7. Schematic representation of DNA Origattached to ODN-bound AuNPs

Figure 4.8. Schematic representation of hybridi@eidami-A and Origami-B attached to
ODN-bound AuNPs
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4.5.2. Constructing Nanostructures by Adding DNA linker

Another independent study of the thesis includessitacting nanostructures,
especially cubic structures in nano scale, by apiiNA linkers to ODN-bound AuNPs.
For this purpose, 13 nm AuNPs were bound with DAd B15 individually. Then, ten
different DNA linkers were added to a mixture of£lhound and D15-bound AuNPs. As
seen Figure 4.9, the DNA linkers have complemensaguences to D14 and D15. While
D16 hybridized from its all sequences, D25 has rEpacer bases. Table 4.2 shows the
variation of the sequences for each DNA linker. Thastructed structures were analyzed
with Zetasizer and UV-Vis spectroscopy to obsemamvh of the construction and SAXS

to observe the crystal form of nanocubic structure.

D14-bound D15-bound
AuUNP AuNP

< AN\ (A)1ATGTGTGGAGTTGGCTGTTACGACTA CTCAGCCCAGGTTCAGTTCTGGTCAT(AQ/\/\/\ [

TACACACCTCAACCGACAATGCTGATX-GAGTCGGGTCCAAGTCAAGACCAGT/

Figure 4.9. Schematic representation of how the DiNker assembles the two different
ODN-bound 13 nm AuNPs

Table 4.2. Sequence variation at the middle pasitio each DNA linker

Label | Sequence of X

D16

D17 | A

D18 | AA
D19 | AAA
D20 | AAAA
D21 | AAAAA

D22 | AAAAAA

D23 | AAAAAAA
D24 | AAAAAAAA
D25 | AAAAAAAAA
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4.5.3. Dynamic Light Scattering Analysis

Dynamic Light Scattering (DLS) measurements werdop@ed using a Zetasizer
nano-ZS from Malvern Instruments (Malvern, UK). Basample was measured three
times and average size was determined by numbesyftthesized nanoparticles and by

intensity for measurements of constructions by rgl@NA linkers.

4.5.4. Atomic Force Microscopy Analysis

The AFM analyses were performed with a Park SYSTEXES100 Atomic Force
Microscopy Park Systems Corp. KANC 4F, lui-Dong, 906-10 Suwd3-766, Korep
Imaging was carried out at room temperature in camact mode with silicium tips with

varying resonance frequencies at a linear scamategof 0.5, 1 or 1.5 Hz.

4.5.5. Transmission Electron Microscopy Analysis

TEM measurements were performed on JEOL-2100 HRpkrating at 120 kV
and 200 kV (LaB filament) and equipped with an Oxford Instrumetd98 EDS system.
Copper TEM grids coated with carbon support filmrevesed to analyze samples upon

placing very small drops of samples onto them.

4.5.6. Small Angle X-Ray Scattering Analysis

SAXS analysis were carried out by Hecus-SWAXS systéGraz, Austria) with a
linear-position-sensitive detector (MBraun, GarchiGermany) containing 1024 channels.
CuKao radiation {=1.54 A) which was produced by an X-ray generapmrating at 50 kV
and 40 mA (Philips, PW 1830/40, The Netherlands3 wsed. The sample was placed in a
capillary tube with 1 mm thickness for analysiseTample to detector distance was 268
mm and the exposure time was 700 sec per sampl@. WA, EASY SWAXS and 3D-

View software were used in data analysis.
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5. RESULTS AND DISCUSSION

5.1. CONSTRUCTING NANOSTRUCTURES BY USING DNA ORIGAMI

5.1.1. Electrophoresis Gel Analysis

DNA Origami is a well defined and rigid structur@nepared to other DNA
structures. Since it has more than one intersedtedble helices, we need to be sure all
ODNs are hybridized with each other. In order tseshe this, the DNA mixtures were
loaded in a 2% agarose gel and run at 100 V fom8@ 100 bp ladder was used as a
marker. The gel photo is seen in the Figure 5.1lil&\the second well contains only D3,
the third one was loaded D3 and D4 mixture. Thet oee contains D3, D4 and D9. The
others were loaded with the addition of next ODNbtevious mixture. The ninth well has
the Origami-A. As seen in Figure 5.1, all ODNSs hybridized with the previous mixtures
understood from getting heavy each time and nohgeey unhybridized ODN.

D3 D3+D4 D3+D4
+

Figure 5.1. Photo of 2% Agarose gel loaded with GDdt each step while construction of
DNA Origami



26

5.1.2. Atomic Force Microscopy Analysis

5.1.2.1. Origami-A and Origami-B

After Origami-A or Origami-B was constructed, thexre observed under AFM,
Figure 5.2. AFM line analysis reveals the dimendmibe approximately 4 nm height and
40 nm width which corresponds to the expected dgioers of the DNA Origami. As DNA
Origami is not as rigid as a metal, AFM only givegeneral outline of the constructed
DNA Origami. The width of the sample is measurededarger from the expected value,
30 nm, possibly due to low resolution scanninghaf AFM tip. The height, on the other
hand, gives generally more accurate informationutitbe sample, and is close to the

expected range or 2.5-5 nm.
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Figure 5.2. AFM image (A), schematic representa(®nand line analysis (C) of Or-A
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5.1.2.2. Mixture of Origami-A and Origami-B

The mixture of Origami-A and Origami-B is also inmfant for further constructions.
Figure 5.3 shows they were hybridized from stichgds®as previously described in Figure
4.5 and 4.6. The line analysis shows us that itdraand 4 nm height and 30 nm width,
similar to the Origami-A or B alone. However, trength is more than 100 nm which
suggests at least 3 Origami are hybridized enddo e
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Figure 5.3. AFM images (A, C), schematic repred@rigB) and line analysis (D) of

Origami-A and Origami-B mixture
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5.1.2.3. D1-Bound AuNPs Attached to Origami-A
Another important step is attaching of AUNPs to A Origami. For this purpose,

firstly, only D1-bound 13 nm AuNPs were mixed witie Origami-A. It is expected that
there would be two AuNPs hybridized from their @ltlhe two opposite sites of Origami-
A, because D1 has free 3’ end and it can only kykeiwith one part of each site. Figure
5.4 shows that the NPs could be attached to thga@®ii The constructed structure has two
NPs with heights of more than 8 nm. Considering tha AUNPs have an average size 13
nm while synthesis, the measured size of 8 nm fiwarline analysis indicates that two of

NPs are attached to each Origami as expected.
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Figure 5.4. AFM images (A, C), schematic repregendB) and line analysis (D) of D1-
bound AuNPs attached to Origami-A
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5.1.2.4. D1-Bound and D2-Bound AuNPs Attached to Origami-A

The next step is to investigate whether both Auli#ts be attached to both sites of
the Origami or not. In Figure 5.5, it is seen ttiegt constructed nanostructures have more
resemblance to its schematic representation, ggsdilee to the fact that the rigidity of the
structure increased after AUNPs were attached. T3vwom heighted AuNPSs in one site can
be clearly distinguished from line analysis. Adaially, the distance between AuNPs
from opposite sites are measured as approxima@lynm which also gives us a clue
about the size of one Origami structure attached MINPs from both sites.
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Figure 5.5. AFM images (A, C), schematic repredenigB) and line analysis (D) of D1-
bound or D2-bound AuNPs attached to Origami-A
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5.1.2.5. D1-Bound AuNPs Attached to Mixture of Origami-A and Origami-B

In order to clarify that there is no hindrance Fybridization of AUNPs modified
with ssDNA to the DNA Origami mixture, D1-bound ABN were mixed with the
Origami-A and B mixture. The AFM image in FiguréShows that 13 nm AuNPs can be
attached to the Origami mixture composed of thrégAODrigami with a length of more
than 200 nm. In the line analysis, the AuNPs arepled wide apart with a distance of 25

nm which is consistent with the size of one Origami
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Figure 5.6. AFM image (A), schematic representa(®nand line analysis (C) of D1-
bound AuNPs attached to the mixture of Origami-A @rigami-B
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5.1.2.6. D1-Bound and D2-Bound AuNPs Attached to Mixture of OrA and OrB

Finally, both D1-bound and D2-bound 13 nm AuNPsenmixed with the mixture of
Origami-A and Origami-B. Similar to previous stejmterestingly, only three DNA
Origami were hybridized with each other and the RgNvere attached to them as seen in
the AFM image in Figure 5.7. From line analysigied AFM image, it is observed that the
two AuNPs can be attached to the same site of dbh ©rigami and the final structure

seems to be constructed as 240 nm in length.
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Figure 5.7. AFM image (A), schematic representaf®nand line analysis (C) of D1-
bound or D2-bound AuNPs attached to the mixtur@mgami-A and Origami-B
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5.2. CONSTRUCTING NANOSTRUCTURES BY ADDING DNA LIN KER

In the second part of the thesis, it is aimed tastmct network formation which is
made of AuNPs separated with a certain distancadayng DNA linkers with different
sizes. The importance of generating such struciaresalized in many application areas of
science and technology such as in imaging andglgeramedicine. For this purpose, after
13 nm AuNPs were bound by D14 and D15 individuallye of the DNA linker from D16
to D25 was added to the mixture of their suspensibith had equal number from both

types of ODN-bound AuNPs as seen in Figure 5.8.

D14-bound AuNP

DNA Linker

NN
N

D15-bound AuNP

Figure 5.8. Schematic representation of nanostre¢armation after DNA linker is added
to two different ODN-bound 13 nm AuNPs

5.2.1. UV/Vis Spectroscopy Analysis

The mixture, firstly, was analyzed with UV/Vis Spescopy. The UV/Vis spectra
of AUNPs give the maximum value according to theitaion wavelength of their surface
plasmons. This maximum absorption depends on #eeddithe molecule bound to surface
of the NPs and depends on how this molecule effingtselectron configuration of the

AuNPs. Figure 5.9 shows that AuNPs-alone, ODN-bofintIPs and their mixtures give
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maximum absorption at 523 nm; whereas the addwioDNA linker slightly shifts the
maximum absorptions to 525 nm. This 2 nm shift nmaljcate that there is an interaction

between AuNPs, however, it is difficult to say tllais directly stems from the network

formation of AuNPs.
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Figure 5.9. UV/Vis Spectroscopic graph of the AuNiRd nanostructures made of them by
adding DNA linkers

5.2.2. Dynamic Light Scattering Analysis

In order to investigate whether the 2 nm shift ciximum absorption value in
UV/Vis Spectroscopy was due to the attachment efrttolecules on the AuNPs, DLS
analysis was needed. DLS experiments, done byiZetaprovide clear information about
the size of the materials in the suspension. lurf€idp.10, it is seen that the average size of
ODN-bound AuNPs is measured as 24 nm and doeshaage after mixing of D14-bound
and D15-bound AuNPs suspensions before DNA linkegsadded. On the other hand, the
average diameter of the structures present in ubpession increases to values between
120 nm to 200 nm after DNA linkers are added dedpi¢ fact that some of AUNPs remain
free in suspension. From this result, it can beckaled that the DNA linkers assemble the
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certain amount of AuNPs but not the all of themisT$ituation stems from that some of
AuNPs did not contribute to the network formatiomedto the fact that the contributed
AuNPs may be assembled in other crystalline fonmwfhich building blocks are placed
with different ratios rather than one to one. Whee plot is redrawn by number
distribution, however, the % number of free NPs ohates the % number of constructed
structures as seen in Figure 5.11. However this doe mean that most of the NPs remain
free, because it shows the number of structuresddy not related with the number of NPs
present in the structures. The other questionrieat arise is why a size increase of 200
nm corresponds to a small, 2 nm, maximum absorpsbift. It is known that the
aggregation of AuUNPs shifts the maximum absorptiprio 550 nm due to overlapping of
surface plasmons of the NPs. The answer is tHadwadh the NPs were assembled by DNA
linkers; since the distances between the two AulNBie kept by DNA in between and
AuNPs were too far away from each other for overag of surface plasmons, the
maximum absorption wavelength was not shifted bgéy wavelengths as seen Figure 5.9.
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Figure 5.10. DLS analysis, distributed by % inten<f the ODN-bound AuNPs and
nanostructures made of them by adding DNA linkers
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Figure 5.11. DLS analysis, distributed by % numbéthe ODN-bound AuNPs and

nanostructures made of them by adding DNA linkers
5.2.3. Small Angle X-Ray Scattering Analysis

The NPs have different behaviors in the suspenfiom that of on the surface.
Though UV/Vis Spectroscopy and DLS give data alibatsize of the structures in the
suspension, these techniques do not provide infilmmaabout crystal form of the
structure. Small Angle X-Ray Scattering (SAXS), lewer, explains whether the
constructed structure is in crystalline form or apmwus form. Therefore, some of the
prepared samples were analyzed with SAXS. Firgihly ODN-bound AuNPs were
analyzed to see whether they form any crystal. @endn Figure 5.12 (A), D14 or D15-
bound AuNPs have maximum scattered intensities7a8 and 5719 respectively at the
same magnitude of the scattering vector (q) 0.0A58 Additionally, the curves have
smooth lines, which mean that there is no crysialfiormation in these suspensions, at
higher g values. As far as after addition of a DiN¥er is considered, there are notches on
the curve that has maximum scattered intensity.G20791 A', seen in Figure 5.12 (B).

These peaks at higher q values indicate that theeecrystalline formations in the
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suspension. The radius of gyration was calculase@0a38 nm assuming the construct was
globular and as 35.14 nm if the construct was asguim have rod shape. The exact shape

of the structure can only be decided after appration to the pre-defined model shapes.
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Figure 5.12. SAXS analysis of the ODN-bound AuNRsgnd nanostructures after
addition of DNA linker D25 (B)

To understand the properties of nanocubic strustdioemed in the suspension,
further analysis were done. Nanostructures formgdh6 and D25 were selected to
understand also the effect of distance betweenddRke crystalline formation. As seen in
Figure 5.13, while there are four cubic parametetis the addition of D16, there are eight
cubic parameters seen with the addition of D25nftlis, it is concluded that more cubic
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structures were formed in the latter one than enftihmer one. The spaces between lattices
were measured to be larger in the constructedtateiby addition of D25 than that of D16

as expected: 67.64 nm and 58.87 nm respectively.
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Figure 5.13. SAXS analysis of nanoconstructs byray®16 (A) and D26 (B)
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6. CONCLUSION AND RECOMMENDATIONS

6.1. CONCLUSION

Nanoconstructs provide special and unique progertre this thesis, it is aimed to
construct two different nanostructures in two difg ways. In the first study, assembly of
the 13 nm AuNPs into desired shape by using DNA&nmi is investigated. The DNA
Origami is constructed and elongation is realizgdybridization from the sticky ends of
two Origami. Then it is shown that the AUNPs camabsembled on these DNA Origami
structures which are used as a 2D template.

The second study includes the formation of culrgcstires in nano scale. From the
UV/Vis spectroscopy and DLS results, it is conclideat it is also possible to produce
network formation by adding DNA linkers to the mix¢ of ODN-bound AuNPs. The
crystalline formation is found from SAXS analysshich gives us information about
nanocubic structures that are formed after additibthe DNA linkers. A construction of
cubic structure in nanoscale is rather excitingorimiation because of their unique
properties. Additionally, higher distances and geiumpaired part between AuNPs seems
more helpful to nanocubic structures because sfii@gdrance and more flexibility.

In conclusion, new nanoconstructs are produceldiswiork. This thesis outlines and
clarifies each step in the construction of nanastmes for the design and preparation of
higher structures using the NPs as building blocks.
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6.2. RECOMMENDATIONS

In the future work of this thesis, the constructiohnovel structures should be
pursued. The first part of the study, especiallypves that it is possible to fabricate
nanodevices and nanomachines from metal nanopatiéfter construction of DNA
Origami structure with a definite shape and assemlaf nanoparticles on it, it is possible
and easy to fabricate high throughput nanostrustuBesides their smallness, they would
work more efficient compared to their macro exammplee to quantum effect. With the
results of this study, nanomotors, nanoplanes &ad aano washing machines etc. would
not be a dream in the future. These nanodevices nrambmachines can be used in

medicine, military and in any public interests.

The second part of the thesis open minds to usecodit structures in temperature
sensitive applications. Mixing of two ODN-bound Nisdifferent ratios, especially 3:4
and 1:8, would force the assembly of NPs into feeetered or body-centered cubic forms.
Depends on the centered NPs, these structures ecarsdadl in different purposes. For
instance, Quantum Dots can be centered and goldpasicles can be placed at the
corners, and after heating up, since the DNAs ahg/loridized, the QDs would be free to
be used in imaging systems. Additionally, this temapure-sensitive imaging system
would be more biocompatible because toxic QDs atgeim in the cubic structure and only
be free if the temperature increases to a certagred. Moreover, having silver
nanoparticles as the center nanoparticle of thécdalce provides useful contribution in

plasmonic studies such as surface-enhanced Raraatmagzopy.

Based on the principles of nanoconstruction preskem this thesis, near and far
future directions in the development of nanosciemitiedbe widened.
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