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ABSTRACT
DESIGN AND IMPLEMENTATION OF NANOPHOTONIC
ARCHITECTURES USING SMART-SELF ASSSEMBLY OF
COLLOIDAL NANOMATERIALS

Zeynep Senel
Ph.D. in Electrical and Computer Engineering
Advisor: Assist.Prof. Talha Erdem
August 2024

DNA-driven self-assembly techniques offer precise control over the positioning of
colloidal nanoparticles through specific Watson—Crick interactions, and its reversibility
via controlling the temperature of medium. This thesis explores an alternative strategy to
control DNA-functionalized nanoparticles’ binding/unbinding process by leveraging
laser radiation, inducing localized heating within the nanoparticles to facilitate
disassociation. First, we demonstrate the active manipulation of the optical properties of
DNA-assembled gold nanoparticle networks via external optical excitation. Specifically,
irradiation with a green hand-held laser yields a substantial ~30% increase in total
transmittance, accompanied by a transition from opaque to transparent states observable
in optical microscopy images. The reversibility of this process is demonstrated by the
restoration of the nanoparticle network post-irradiation cessation, underscoring the
efficacy of optical excitation in tailoring both the structure and optical characteristics of
DNA-mediated nanoparticle assemblies. Second, we introduce a method to tailor DNA-
driven self-assembly of semiconductor nanoparticles on glass by applying an external
optical field. A green laser directs the assembly of DNA-functionalized red-emitting
qguantum dots (QDs) on DNA-functionalized glass, leaving uncoated spots owing to
localized heating. This effect becomes prominent after three hours of radiation using a
laser with an irradiance of 57.1 W/cm?. Experiments with different lasers and nanoparticle
types confirm the role of laser-induced heating in preventing QD-glass bonding via DNA-
DNA interaction. Secondary coating of previously uncoated spots with DNA-
functionalized green-emitting QDs and dye-functionalized DNAs indicates a successful
hierarchical self-assembly. Our findings highlight the potential of light-assisted DNA-
driven self-assembly for diverse nanoparticle architectures, promising applications in
optoelectronics and nanophotonics.

Keywords: Programmable self-assembly, DNA-driven self-assembly, localized heating,
colloidal nanoparticles, DNA conjugation.



OZET
KOLOIDAL NANOMALZEMELERIN AKILLI KENDINDEN
DIZILIMI ILE NANOFOTONIK MIMARILERIN TASARIMI
VE UYGULAMASI

Zeynep Senel
Elektrik ve Bilgisayar Miihendisligi Anabilim Dali Doktora
Tez Damgmant: Dr. Ogr. Uyesi Talha Erdem
Agustos-2024

DNA tabanli kendiliginden dizilim teknikleri, 6zgil Watson-Crick etkilesimleri
araciliiyla kolloidal nanopargaciklarin yerlesimini hassas bir sekilde kontrol etmeyi ve
ortamin sicakligini kontrol ederek bu siirecin geri doniistiiriilebilirligini saglamayi
mimkiin kilar. Bu tez, lazer 1sinmmi kullanarak DNA ile islevsellestirilmis
nanoparcaciklarin baglanma/ayrilma siirecini kontrol etmek igin alternatif bir strateji
arastirmaktadir. Bu tezde, ilk olarak, DNA ile birlestirilmis altin nanopartikiil aglarinin
optik ozelliklerinin, dis optik uyarim yoluyla aktif olarak nasil manipiile edilebilecegi
gosterilmistir. Ozellikle, yesil bir el lazeri ile isinlandiginda, toplam gegcirgenlikte
yaklasik %30'luk 6énemli bir artis gézlemlenmis, buna optik mikroskop gorintulerinde
gozlemlenebilen opak durumdan seffaf duruma gecis eslik etmistir. Bu siirecin tersine
cevrilebilirligi, 1s1nlamanin kesilmesinden sonra nanopargacik aginin restorasyonu ile
kanitlanmistir. Bu gozlem, DNA-takili nanopargacik aglarinin hem yapisini hem de optik
ozelliklerini uyarlamada optik uyarmanin etkinliginin altim gizer. ikinci olarak, harici bir
optik alan uygulayarak, DNA-takili yar1 iletken nanopargaciklarin eslenik DNA-takili
cam yiizeyler iizerinde birlesmesini kontrol etmek igin bir yontem sunulmustur.
Calismalarimizda, yesil bir lazer, DNA-takili cam iizerinde kirmiz1 151k yayan DNA-takil
kuantum noktalariin birlesmesini yonlendirmis ve lokal 1sitma nedeniyle kaplanmamis
noktalar birakmistir. Bu etki, 57.1 W/cm? 1s1n1im yogunluguna sahip bir lazer kullanilarak
ti¢ saatlik 1s1n1m sonrasinda belirgin hale gelmistir. Farkli lazerler ve nanoparcacik turleri
ile yapilan deneyler, lazer kaynakli 1sitmanin DNA-DNA etkilesimi ile kuantum nokta-
cam baglanmasini 6nlemedeki roliinii dogrulamistir. Onceden kaplanmamis noktalarin
DNA takili yesil 1s1k yayan kuantum noktalar ve boya takili DNA'lar ile ikincil
kaplanmasi, hiyerarsik birlesmeyi gostermistir. Bulgularimiz, g¢esitli nanoparcacik
mimarileri i¢in 151k destekli DNA tabanli kendiliginden birlesmenin potansiyelini
vurgulamakta, optoelektronik ve nanofotonik alanlarinda yenilik¢i uygulamalar vaat
etmektedir.

Anahtar kelimeler: Programlanabilir kendinden dizilim, DNA-tabanli kendinden dizilim,
yerel 1sutma, koloidal nanopargaciklar, DNA baglama.
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Chapter 1

Introduction

1.1 The Proposal of Thesis

In this thesis, we propose developing a new technology that enables controlling the
self-assembly of colloidal nanoparticles using light. We believe that this technology has
the potential to revolutionize the fabrication of optoelectronic devices and nanophotonic
structures. At the end of the thesis, the development of a low-cost, environmentally
friendly and easy-to-apply micro/nanofabrication technique will be an alternative to
existing micro and nano fabrication techniques. Furthermore, the use of colloidal
materials along with the ability of recycling unbound nanoparticles will significantly
decrease the amount of produced waste. In addition, this method may enable to produce
structures that are not possible or very difficult and expensive to manufacture with
classical fabrication techniques. Through this method, the cost of equipment and the cost
of operating the equipment will be significantly reduced and the way to cheaper
production compared to standard methods will be opened. Thus, the widespread use of
our results will drastically decrease the negative impact of nano/microfabrication
processes to the environment. Moreover, the novelty of our proposed technique has an

economic potential as it may attract the industry’s attention.

1.2 Fabrication Methods of Micro- and Nano-sized
Structures

The prefix ‘nano’ is referred to a Greek prefix meaning ‘dwarf’ or something very
small and it represents one thousand millionth of a meter (10~ m). Nanoscience is the
study of structures and molecules on the nanometer scales, ranging between 1 and 100
nm, while nanotechnology is the practical application of nanoscience in devices and other
uses [1]. As one of the most promising technologies of the 21st century, nanotechnology
involves the transformation of nanoscience theories into practical applications by
observing, measuring, manipulating, assembling, controlling, and manufacturing matter

at the nanometer scale. This field enables novel applications across a diverse range of



disciplines, including chemistry, physics, biology, medicine, engineering, and electronics
[2]. There are two main approaches to the synthesis of nanostructures: top-down and
bottom-up, each differing in quality, speed, and cost. The top-down approach involves
breaking down bulk material into nano-sized particles using advanced techniques like
precision engineering and lithography, which have been developed and optimized over
recent decades [3]. Lithography specifically involves the patterning of surfaces through
exposure to light, ions, or electrons, followed by the deposition of material onto that
surface to produce the desired material [3].

light source
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Figure 1. 1: Schematic diagram of lithography process steps [4].
Conversely, the bottom-up approach involves building nanostructures atom-by-atom

or molecule-by-molecule using physical and chemical methods within the nanoscale
range (1 nm to 100 nm). This method utilizes the controlled manipulation of self-
assembly of atoms and molecules [3]. Self-assembly, the spontaneous organization of
components into structured formations using noncovalent interactions such as ionic,
hydrogen bonds, dipole-dipole, n—n stacking, and van der Waals forces, is a primary
method used by nature to create complex structures [5]. However, designing and
fabricating small-sized structures presents various challenges [6]. The nano size of these
structures makes it difficult to orient them toward each other and the larger macroscopic

world.

An important challenge in materials science and nanotechnology is to develop novel
strategies to fabricate functional materials and devices with potentially nm-scale precision
over large areas. Traditional “top-down” technologies encounter several issues, including
high cost, complexity, and energy consumption, in addition to the physical limitations

related to the miniaturisation of classical materials [7], [8]. Incompatibility in the lattice



parameters or chemical interactions of the coated materials is among the critical obstacles
to coating hybrid materials. While forming shaped structures, lithography systems should
be used [9]. Due to the nature of this method, some parts of the coated material are
unusable, and the complexity of production increases by additional steps in the process.
In addition, the increase in waste production during the removal of undesirable parts [10]
increases the negative impact of this traditional method on the environment. Although
solution processing is especially beneficial for cost reduction, using lithography remains
inevitable to obtain shaped structures [11].

1.2.1 Bottom-up Fabrication Techniques

A few bottom-up strategies that potentially remedy the abovementioned problems
have been investigated [12],[13]. Currently, various molecules such as DNA [14], RNA
[15], protein [16], and lipid [17] etc. have emerged as primary units of self-assembly.

RNA, protein, and lipid self-assembly are fundamental processes in biology, where
molecules spontaneously organize into functional structures driven by non-covalent
interactions. RNA self-assembles into complex secondary structures, playing roles in
catalysis and genetic information storage, which are vital for early life evolution theories
(Jaeger & Chworos, 2006). Protein self-assembly forms diverse structures like enzymes,
cytoskeletal filaments, and pathological aggregates, such as amyloid plaques in
Alzheimer's disease, through hydrogen bonding, hydrophobic effects, and electrostatic
interactions (Whitesides & Grzybowski, 2002). Lipids, due to their amphipathic nature,
self-assemble into bilayers and vesicles, forming the basis of cell membranes and
enabling compartmentalization and cellular functions (Alberts et al., 2002). These
processes are central to biomaterial fabrication and have significant applications in
biotechnology (Zhang, 2003).

Since DNA molecules have unique properties, including biocompatibility, high
specificity, and Watson-Crick base pairing, DNA is a suitable material for the self-
assembly of well-defined nanostructures [18], [19]. Among the bottom-up fabrication
technologies, DNA-driven smart self-assembly stands out as a promising tool because it
enables programming the assembly of nanomaterials in complex architectures owing to
the selectivity of DNA molecules, which is not feasible by any other state-of-the-art
technique [20]. In this technique, usually synthetic DNAs are employed. These synthetic
DNA sequences generally do not code for proteins but carry information that dictates the
strength and specificity of the interactions guiding self-assembly [21].
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Figure 1. 2: The base pairs of adenine with thymine and guanine with cytosine hold the double helix
together. The dashed lines represent hydrogen bonds that form between these bases. The phosphate-
sugar backbone is colored in purple [22]. (https://explorebiology.org/collections/genetics/the-
structure-of-dnaHHMI)

DNA is a macromolecular polymer whose backbone consists of deoxyribose sugar
and phosphate groups, while the four bases containing the genetic information are either
purine (adenine (A) and guanine (G)) or pyrimidine (thymine (T) and cytosine (C))
derivatives. A cooperative interplay of hydrogen-bonding, p-stacking, electrostatic, and
hydrophobic interactions drives one DNA strand to assemble with its complement into a
double helix according to extremely precise base-pairing rules. According to the Watson-
Crick base pairing principle, A binds to T with two hydrogen bonds while G binds to C
with three hydrogen bonds. The number and order of bases in the polynucleotide chain
determine the coding information and structural function of DNA [23]. This specific and
highly predictable pairing allows for the well-programmed interaction between DNA
oligonucleotides.

Additional attributes, such as rigidity on the nanoscale, a diameter of approximately
2 nm, and a nearly infinite number of potential sequences, extend DNA’s utility beyond
a genetic blueprint for life. DNA’s exceptional molecular recognition properties and
structural features make it one of the most promising templates for patterning materials
with nanoscale precision. The growth of rationally designed crystals and materials, first
envisioned and later realized by Nadrian Seeman, has opened the door to applications of

DNA in materials science such as photonics, biosensing, biocatalysis, biomedicine,



molecular electronics, biocompatible materials, gene delivery systems, DNA-based
computing, functionalized surfaces [14] [24]. DNA is also emerging as a powerful tool in
nanoscience; it is a promising template for organizing nanomaterials in a programmable
manner. DNA-based self-assembly offers significant opportunities for synthesizing
functional materials that exhibit special properties [25]. Ongoing research in
nanotechnology promises to use DNA to dictate the precise positioning of materials and
molecules into deliberately designed nanostructures in one, two, and three dimensions.
These structures have been used to precisely position proteins, nanoparticles, transition
metals, and other functional components into deliberately designed patterns. They also
serve as templates for the growth of nanowires, assist in the structural determination of
proteins, and provide new platforms for genomics applications. The field of DNA
nanotechnology is expanding in multiple directions, promising significant impacts on
materials science [26]. The fabrication of new generation complex, self-assembled
structures in one, two, or three dimensions [27] using DNA-functionalised colloids [27]
gives endless opportunities in various fields such as biology [28], photonics [29], [30]
and nanodevices [31].

The integration of DNA with colloids to promote colloidal assembly has sparked
great interest within the soft matter community [32], [33], [21], [34], [35], [36]. Colloidal
particles made from various compositions such as metals, semiconductors, polymers, and
oxides, range in size from several nanometers to several micrometers. Colloidal self-
assembly refers to a solution-processed assembly of nanometer-/micrometer-sized, well-
dispersed particles into secondary structures, with collective properties controlled by both
the properties of the nanoparticles and the symmetry, orientation, phase, and
dimensionality of the superstructure [37]. The initial instance of chemically modifying
CdSe quantum dots with DNA involved a technique combining ligand exchange with
particle surface engineering [38]. More recent research has used quantum dots as labels
embedded within polymeric structures. Building on this approach, Nie and colleagues
demonstrated a proof-of-concept showing the potential of quantum dots as markers for
multiplexed DNA detection [39]. By carefully designing these colloidal assemblies, it
may be possible in the future to harness novel properties of nanoparticles not yet exploited
in devices [40]. The self-assembly of colloidal particles into superstructures holds
significant potential in applications including plasmonic [41], photonics [42], catalysis
[43], and sensing [44]. Coating colloids with DNA introduces an additional method for
controlling the interaction potentials between particles, and DNA-coated nanoparticles



are used as a model system for studying colloidal self-assembly [45], [46], [27]. A striking
example involves using tetrahedral origami cages to guide spherical gold nanoparticles
into forming a diamond-like lattice [47]. In the case of colloids, the Chaikin and Seeman
group has successfully designed a cross-shaped DNA origami that precisely assembles
chiral colloidal clusters. The integration of spherical or patchy colloids with DNA tiles or
origami structures is anticipated to open new and exciting possibilities for creating highly
complex ordered assemblies. Furthermore, it is worth exploring whether the strategies
developed with DNA can be extended to other biomolecules or their analogs, such as
peptides, for even broader applications [48].

The introduction of DNA oligonucleotides attached to colloidal nanoparticles and the
formation of lattices of nanoparticles in this way was first demonstrated in 1996 by
Alivisatos et al. [46] and Mirkin et al. [45] These essential articles reported the crystal
structures formed by the self-assembly of the gold nanoparticles mediated by the synthetic
and short, single-stranded DNAs (ssDNA). They utilized the hydrogen bonds between the
complementary sSDNA molecules attached to the nanoparticles. These nanoparticles
were shown to stick to each other when the temperature decreases while they separate

from each other at elevated temperatures.
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Figure 1. 3: Cuvettes with the Au colloids and the four DNA strands responsible for the assembly
process. Left cuvette, at 80 °C with DNA-modified colloids in the unhybridized state; centre, after
cooling to room temperature but before the precipitate settles; and right, after the polymeric
precipitate settles to the bottom of the cuvette. Heating either of these cool solutions results in the
reformation of the DNA-modified colloids in the unhybridized state (shown in the left cuvette) [45].



In the following years, several DNA-functionalisation methods were studied, and
including the conditions of forming crystals of NPs [49], the effect of the length of the
DNA molecules or cooling rate on the crystal formation dynamics [30], the self-assembly
and crystal structures of DNA-functionalised magnetic, dielectric, metal, and
semiconductor NPs , have appeared in the literature [50]. Over the years, many one- and
two-dimensional (2D) structures have been fabricated for applications including
nanoelectronics, sensing, and computation [14],[51],[52],[26],[53]. For example, Mirkin
et al. demonstrated the formation of DNA-modified gold nanoparticle crystals by varying
DNA strand length and salt concentration [45]. Further research explored how the length
of DNA molecules and cooling rate influence crystal formation dynamics, revealing that
longer DNA strands produce larger and more stable crystals, while slower cooling rates
result in better-ordered structures [30]. This provided the environment to achieve
crystalline morphologies of nanoparticle assemblies via the thermal pathway (Figure 1.4).
DNA-coated magnetic nanoparticles have been employed to create responsive materials
controllable by external magnetic fields [54]. DNA-guided self-assembly has been

utilized to create 2D nanoparticle arrays for highly sensitive biosensors [29].
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Figure 1. 4: (a) The assembly system of DNA-capped nanopatrticles, the aggregates of which show a
series of structural changes under a variety of thermal conditions. (b) DNA linkages between
nanoparticles (one interparticle linkage is shown for clarity, not to scale) with recognition sequences
for the A (blue) and B (red) sets of DNA capping. bp, base pairs. b, bases. s, thiol termination of DNA
[30].

In the long-term maturation process of this subject, the research efforts first focused
on DNA-driven smart self- assembly of different nanoparticles to prepare crystal
structures of nanomaterials in solution. Later, the successful production of crystal
structures have been followed by the investigation of the photonic effects of DNA-
functionalized nanomaterials [55]. In recent years, research efforts have focused on
utilising DNA-driven self-assembly in nanofabrication to form metamaterials [56] and

nanoparticle superlattices [57]. In these studies, the nanostructures were first defined



using electron-beam lithography followed by the DNA-functionalization of these specific
regions. Subsequently, DNA-functionalised nanoparticles were attached to these regions
and metamaterials [56], and nanoparticle superlattices [57] were obtained. These studies
demonstrated a method for assembling plasmonic nanoparticle superlattices using DNA
and lithography, allowing precise control over nanoparticle placement and enabling the
dynamic tuning of optical properties. Furthermore, a hybrid lithography technique was
proposed by Alivisatos et al. [56], where the DNA-functionalised regions were
determined using lithography to eventually control the light scattering. This research
combined lithography with DNA-directed self-assembly to create dynamic plasmonic
metamaterials capable of shifting their optical properties in response to chemical changes,
particularly by exhibiting electromagnetically induced transparency. This work opens

avenues for advanced sensing technologies and next-generation dynamic materials.
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Figure 1. 5: (a) Programmable assembly of reconfigurable nanoparticle (NP) architectures. 1D pores
are fabricated in a PMMA-coated gold substrate using top-down lithography, and the gold surface
at the bottom of each pore is densely functionalized with DNA. DNA-functionalized colloidal NPs are
then assembled in a layer-by-layer manner to have a terminal DNA sequence complementary to that
of the previous layer. The porous PMMA template is removed to generate NP superlattices with 2D
periodicity that are composed of oriented NP architectures. Bottom images depict cross-sectional
views of a single pore [57]. (b) Schematic illustration of the lithography and assembly process of
hybrid inorganic—-organic structures. Parallel rods are first written on the indium tin oxide coated
glass surface using e-beam lithography followed by gold evaporation. (i) A second layer exposure is
done to open a trench over a specific position of the parallel rods, and a brief O2 plasma etch is used
to remove residual PMMA in the trench. (ii) Thiolated DNA (blue) is then added to the exposed
portion of the parallel rods. (iii) Finally, the orthogonal rod functionalized with complementary DNA
(red) is incubated on the glass slide, falls into the PMMA trench and hybridizes on the parallel rods
[56].




The main drawback of these works was the use of complicated, energy-hungry, and
expensive tools to form desired structures. Therefore, alternative routes that especially
involve the use of light have attracted the interest of the research community. For
example, Simoncelli et al. [58] controllably cleaved DNAs on the surface of the gold
nanorods by polarization-dependent plasmonic heating using a femtosecond laser. Using
this method, they managed to achieve nanoscale control on the molecular self-assembly.
Moreover, the effect of the exposed light on the DNA-attached gold NPs was studied by
Goodman et al. [59]. They found out that the DNA molecules were released from the
surface of the metal NPs when the particles were treated with a femtosecond laser. In
contrast, continuous-wave lasers keep the DNA molecules on the NP’s surface (Figure
1.6b). In another work, Zornberg et al. employed thermophoresis to trigger a motion of
DNA-functionalised gold NPs to create a pattern [60]. A different strategy to control the
nanoparticle self-assembly with light was followed by de Fazio et al. They showed the
reversible photoligation of NPs using light-responsive cyanovinylcarbazole-modified
DNA molecules which enabled the formation of superlattices when excited at 365 nm and
resolving the structure when excited at 312 nm (Figure 1.6¢) [61]. A similar strategy was
followed using azobenzene-modified DNA to control the self-assembly of gold NPs using
light [62], [63]. In these studies, Kanayama et al. employed photo-isomerization of an
azobenzene moiety placed in close proximity of DNAs on gold nanoparticles to control
their binding/unbinding process using light leading to a controlled color transition of the
sample between violet and pink [62]. Using azobenzene-modified DNAs to functionalize
the nanoparticles, Zhu et al. modified the nanoparticle superlattice type between body-
centered cubic and face-centered cubic owing to photoisomerization of azobenzene
(Figure 1.6a) [63]. Also, plasmonic heating of the nanoparticles has also been extensively
employed in ultrafast photonic PCRs where efficient energy conversion from light to heat
enables reduced nucleic acid amplification time [64], [65]. Another study is about the
local heating with plasmonic particles also found applications in controlled drug release
as shown by Song et al.[66].
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Figure 1. 6: (a) Schematic showing how azobenzene moieties are incorporated in the DNA sticky end,
such that the trans (left) and cis (right) states of the azobenzene molecules can be toggled via visible
or UV light, respectively. Under visible light (trans-form), the DNA sticky ends remain hybridized,
but under UV light, the cis-form azobenzene molecules induce dehybridization of the DNA sticky
ends. (b) NIR-Light-Induced DNA Release. CW irradiation results in dehybridization and release of
fluorescently tagged ssDNA, while pulsed irradiation results in Au-S bond breakage and release of
dsDNA. (c) Reversible photochemical ligation of nanoparticle superlattices. Nanoparticles
conjugated with oligonucleotides are hybridized under the appropriate conditions to form
superlattices.

1.2.2 Photothermal Control of DNA-Driven Self Assembly

This thesis followed an alternative route and demonstrated that the laser light
absorbed by the gold NPs is enough to control the binding and unbinding of the DNAs
attached to gold NPs in the solution without adding any chemical molecules [67]. We
showed that by controlling the formation and disassociation of the nanoparticle network
optical transmission of the nanoparticle network can be reversibly tailored using light as
an external manipulator. Since the light emitted by the green laser is absorbed by the gold
nanoparticles forming a network via DNA-DNA interactions, the nanoparticles heat their
surroundings. Using optical microscopy, we showed that the applied laser light causes a
reversible disassociation of the network owing to this optical heating effect. Furthermore,
we examined the changes in the optical properties of the nanoparticle network in account
of this optical excitation causing structural changes in the network. In this context, we
observed that laser excitation increased the transmittance of the nanoparticle network by
~30% in the visible regime.

Similar to the photothermal effect of the gold nanoparticles, the QDs also experience
local heating when optically excited due to the nonradiative recombination of the

excitons. In literature, this photothermal effect was extensively studied [68]. For
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example, del Rosal et al. demonstrated that PbS/CdS/ZnS QDs experience temperature
increase upon exposure to infrared radiation and they used this phenomenon for
photothermal therapy [69]. Similarly, Chu et al. employed visible laser radiation exciting
CdSe and CdTe QDs for photothermal therapy [70]. Hanifi et al. approached the
photothermal effect from a different angle. They tracked the heating of the QDs upon
excitation to optimize a synthesis procedure so that super-efficient QDs can be obtained.
They demonstrated that quantum yields of the QDs being >99.6% nearly suppress
nonradiative decay channels and eliminate the photothermal effects [71]. These studies
clearly show that unless the QDs have a quantum yield close to unity, they experience

temperature increases upon photoexcitation.

Being inspired with these earlier works, here, we explore the possibility of tailoring
the DNA-driven self-assembly of the QDs on two-dimensional surfaces using light.
Another idea of this thesis relies on the local heating of the DNA-functionalised QDs
upon optical excitation, which breaks the hydrogen bonds connecting the DNA-
functionalised QDs to the DNA-functionalised surfaces. This eventually should lead the
QDs not getting coated on the illuminated regions of the sample.

To test this idea, we added the DNA-functionalised red-emitting nanocrystal QDs on
the DNA-functionalised glass surface. During the coating process, we irradiated a certain
region on the sample with the laser light that is absorbed by the QDs. We observed that
the QDs did not connect to the illuminated regions of the sample. Next, to prove that the
coating control requires the absorption of light by the QDs, we employed a red laser
whose light cannot be absorbed by our QDs. Results proved that irradiation at a
wavelength not coinciding with the QD absorption does not allow for any control on the
self-assembly of the QDs. To further support our hypothesis, we studied the self-assembly
of DNA-functionalised silica NPs on 2D surfaces using the same laser that we used to
control the QD self-assembly. We demonstrated that their self-assembly was not affected
by the laser light since the silica NPs do not absorb the light. After showing that the
obtained dark spots in the microscopy images are not due to photobleaching of QDs, we
concluded that the photothermal effect is responsible for controlling the DNA-driven self-
assembly of the QDs. Finally, we successfully covered the uncoated spot using DNA-
functionalised green emitting QDs and DNA-functionalised dye molecules. These proved
the feasibility of our method for two-dimensional structure formation without the need of

expensive, complicated, and energy-hungry fabrication tools. The method we present here
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can be employed in sustainably fabricating nanophotonic and nanoelectronic structures
[72].

In summary, being inspired with these recent works, this thesis focuses on to explore
the ability to control the binding/unbinding process of DNA-functionalised colloidal
nanoparticles (gold nanoparticles, quantum dots, silver nanowires, carbon dots and silica
nanoparticles) by irradiating them with a hand-held low-cost laser and employ the
photothermal effect to tailor the optical features of the DNA-self-assembled nanoparticle
networks in aqueous solutions without needing any other light-responsive chemical
groups. We believe that our results will pave the way for novel applications of a DNA-
driven self-assembly especially in actively controlling near-field interactions between
different types of nanomaterials and all-solution-processed and sustainable
nanofabrication technologies.
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Chapter 2

MATERIALS AND METHODS

Nanoparticles are increasingly utilized in DNA functionalization due to their large
surface area, which allows a significant number of DNA molecules to be attached,
enabling highly precise and stable assemblies. This is particularly beneficial in fields like
biosensing and drug delivery, where the ability to target specific sequences and ensure
stability is crucial. Nanoparticles also protect DNA from degradation, enhancing its
functionality in various applications. In the realm of photonics, nanoparticles are
invaluable because they can manipulate light at the nanoscale. Their size, shape, and
composition can be engineered to fine-tune their optical properties, such as light
absorption, emission, and scattering. This tunability is essential for developing advanced
technologies, including sensors, lasers, and other optoelectronic devices. Metallic
nanoparticles can exhibit localized surface plasmon resonances, which amplify
electromagnetic fields at their surfaces, leading to enhanced light-matter interactions. The
ability to combine these unique properties of nanoparticles with DNA functionalization
opens new avenues for creating materials and devices with unprecedented precision and
efficiency. Whether in medicine, where targeted drug delivery and diagnostics are critical,
or in technology, where the manipulation of light is key, nanoparticles serve as a
foundational tool, bridging the gap between biological and optical systems, and driving

innovation across multiple scientific fields.

2.1 NANOPARTICLES SYNTHESIS

2.1.1 Gold Nanoparticle (AuNP) Synthesis

All the chemicals used are purchased from Sigma Aldrich unless otherwise stated.
The gold nanoparticles (Au NPs) were synthesized by reducing hydrogen
tetrachloroaurate (HAuCls) and using a trisodium citrate solution following Ref. [73].
According to this procedure 47.5 ml water mixed with 2.5 ml gold three chloride solution
(0.2 % wi/v) until boil to them at 150 °C. After 15 min of boiling 2 ml tri sodium citrate

13



dehydrate solution (1% w/v) and boil the solution until see red color. After that solution

left until cool down.

Figure 2. 1: Photograph of the AuNPs Synthesized in Our Laboratory.

2.1.2 Silver Nanowire (AgNW) Synthesis

AgNWs were synthesized through the polyol process which is a solution processing
method developed by Kim et al. [74]. First, 200 mL of ethylene glycol (EG) and 6.68 g
of Polyvinylpyrrolidone (PVP) were mixed in a two-necked flat-bottom flask and stirred
at 350 rpm with a magnetic stirrer until P\VP was completely dissolved in EG. The mixture
was heated to 170°C and 0.2 g NaCl, 0.1 g KBr and 2.793 g AgNO: were added to the
solution when it reached 170°C and stirring was continued. Afterwards, the solution was
held at 170°C for 4 h to allow the AgNW growth process to occur. Subsequently, it was
cooled to room temperature by placing the flask in a water bath. To get rid of impurities,
the nanowire solution was centrifuged with methanol and acetone at a 3:1 ratio twice at

5000 rpm for 10 min. Collected AgNWs were finally dispersed in ethanol [75].
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Figure 2. 2: Photograph of the AgNWs Synthesized in Our Laboratory.

2.1.3 Silica Nanoparticle (SiO2 NP) Synthesis

Briefly, 2.79 mL of tetraethylorthosilicate (TEOS) was added to 22.2 mL of ethanol.
A solution containing 0.638 mL of ammonium hydroxide, 6.8 mL of deionised water, and
17.6 mL of ethanol was prepared in a separate container. Next, two solutions were mixed

while stirring at 300 rpm for 5 h at room temperature [76].

Figure 2. 3: Photograph of the SiO2 NPs synthesized in our laboratory.

2.1.4 Red-emitting CdSe/ZnS Nanocrystal QDs (CdSe/ZnS) Quantum
Dot

Red-emitting QDs synthesized according to Refs. [77], [78]. In a typical procedure,
1 mmol of CdO, 1.68 mmol of Zn(Ac)2, and 5 mL OA were mixed in a three-necked

round bottom (50 mL), the contents were heated at 140 °C for 30 min under the vacuum
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(vacuum level reaching ca. 10~ Torr). Then, the mixture’s temperature was reduced to
50 °C and 25 mL of ODE was added to the reaction mixture. After that, the reaction
mixture was first heated to 100 °C under the vacuum, later the temperature was increased
to 300 °C under the continuous flow of Argon (Ar) gas. The Se precursor (LM TOP-Se)
was prepared separately in the glove box by mixing the Se pellet in 1 mL TOP, the
solution was stirred overnight at 800 rpm at 100 °C. Then, 0.2 mL of TOP-Se solution
was injected rapidly into the reaction mixture at 300 °C and kept for 80 s. Afterward, 0.3
mL of DDT/ 1 mL ODE was injected into the reaction flask. After 20 min 1 mL of TOP-
S (2M) was injected very slowly (in 10 min) into the reaction mixture at 300 °C. Later,
the solution was allowed cool at room temperature. The crude solution was centrifuged
at 5000 rpm for 15 mins with absolute acetone and a small amount of methanol. The
cleaning process was repeated 2 times and finally, the CdSe/ZnS QDs pellet was

redispersed in hexane.

Figure 2. 4: Photograph of the QDs Synthesized in Our Laboratory.

2.1.5 Surface Modification of Silver Nanowires

345 ul of the AgNW-ethanol solution (9mg/ml) were centrifuged at 2000 rpm to
remove ethanol. 20.7 mg 3-Mercaptopropionic acid (MPA) was added into 10 ml
Dimethylformamide (DMF), then AgNWs were added into the solution and stirred using
a magnetic stirrer for 24 hours at room temperature. Subsequently, the solution was
centrifuged and precipitated AgNWSs were dispersed in 10 ml ultra-pure water [75] that
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shows in Figure 2.5. At the end of this thesis, carboxylic acid functionalized AQNWs were

obtained.

Figure 2. 5: Surface Modification of Silver Nanowires (AgNWSs) with carboxylic groups.

2.2 Glass Coating with AgNWs Using Charge-Assisted
Coating (CAC)

The glass substrate was washed with Hellmanex (%1) followed by double-distilled
water (ddH20), acetone and isopropanol in sequence in ultrasonicator for 20 min at room
temperature. Residual solvents were removed using air gun. All processes were applied
to increase the negative polarity of the surface (mainly through hydroxyl groups). A
precursor layer of strong polyelectrolytes was used to further increase the surface polarity
of the glass substrate. The polyelectrolytes used in this study were 2mg/ml poly
(diallyldimethylammonium chloride) (PDDA; avg. Mw = 200,000-350,000) and 2mg/ml
poly (sodium 4-styrene sulfonate) (PSS; avg. Mw ~ 70,000) with 0.1 M sodium chloride
(NaCl) as the polycation and polyanion, respectively. The glass substrate was alternately
dipped in each polyelectrolyte solution for 5 min with intermediate rinsing and drying.
Thus, 3 layers of PDDA and 2 layers of PSS were alternately stacked. The PDDA-
terminated glass was dipped in the functionalized AgNWs solution (with -COOH) for 5
min or 1,5 hours at room temperature for trial, followed by rinsing with flowing DI water
as seen in Figure 2.6. It is noted that non-treated AgNWs were removed in rinsing process
whereas strongly bonded AgNWs remained on the substrate [79] [80] [81].
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PDDA: 3 times, PSS: 2 times
each time 5 min wait

for each layer of AgNWs
10 min wait .

PDDA PSS

2409 00000 215001 9 0sg 5 050, -PDDA (+) / PSS (-)

[ I~ glass substrate (-)

Figure 2. 6: Schematics of Charge-Assisted Coating (CAC) of Glass Surface

2.3 DNA FUNCTIONALIZATION OF
NANOPARTICLES & GLASS

We used different types of DNA such as single-stranded and thiolated DNA, single-
stranded and amine-functionalized DNA, single-stranded Cy-5 dye-attached DNA for
functionalizing nanoparticles. The choice of DNA depends on the desired binding

specificity, stability, structural properties.
2.3.1 Gold Nanoparticle

2.3.1.1 Breaking the Disulfide Bond of Dithiol DNA by using DTT

DTT is a valuable tool for reducing disulfide bonds to free thiol groups. The reaction
proceeds via a nucleophilic attack where one of DTT’s thiol groups attacks the disulfide
bond, leading to the formation of two S-H groups. To prevent oxidation, maintaining the
disulfide (S-S) form is more stable and secure. Before use, the disulfide functionality on
the oligonucleotides was removed by adding DTT to ssDNA, and the resulting mixture
was kept at -20 °C for 1 h (0.1M DTT, 10 mM phosphate buffer (PB)). Cleaved
oligonucleotides were purified using a NAP-25 column as shown in Figure 2.7. The
process begins with the preparation of the column, excess storage buffer is allowed to
drain by gravity flow through the column. Subsequently, the column is equilibrated with
a user-selected buffer, such as PBS. Following equilibration, the sample is applied to the

column. The final step is elution, the purified sample is eluted from the column using the
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same user-selected buffer (PBS buffer). Freshly cleaned oligonucleotides were added to

the gold nanoparticles as mentioned below [82].

Figure 2. 7: Purification of DNAs with thiol groups attached using NAP-25 column

2.3.1.2 DNA Functionalization of AuNPs

The synthesized Au NPs were functionalized with thiol-modified, single-stranded
DNAs following the methods developed by Mirkin and co-workers
[45],[83],[84][85],[82]. In a typical experiment, the Au NPs are centrifuged for 1 h at 30
000 rcf to remove any residues left from the synthesis. Subsequently, the precipitated Au
NPs are taken into a mixture of phosphate buffer (10 mM, pH = 7.4) and sodium dodecyl
sulfate (SDS, 0.015 wt. %) solution. Here, SDS molecules avoid the aggregation of gold
nanoparticles. Next, two complementary thiol-functionalized DNA chains were
separately added to gold nanoparticles. The single-stranded DNAs that we used have the
following bases: (1) 5’-HS-TTTTTTTTTTTTTTTGGTGCTGCG-3* and (2) 5-HS-
[TTT TTTTTTTTTTTCGCAGCACC-3’. To increase the number of DNAs connected
to each gold nanoparticle, NaCl solution in 0.015 wt. % SDS and 10 mM PB mixture is

added stepwise such that the total salt concentration reaches 0.7M within 3 h. Following
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the final salting step, the tubes are shaken overnight. The DNA-coated nanoparticles are
then cleaned by centrifugation three times to remove unconnected single-stranded DNAs
and salt from the solution. The precipitated gold nanoparticles are redispersed in 0.015
wt. % SDS-containing PB solution in the first two centrifuges. After the third
centrifugation process, no SDS was added to the DNA-coated nanoparticles. Next, about
50 ul of the nanoparticles that have complementary DNAs surrounding them is taken from
each tube and mixed, and NaCl solution in PB is added to increase the final salt
concentration to 100 mM. After hybridization, the color of the solution varies from red-
pink to violet-black indicating the self-assembly of the nanoparticles and the formation
of the nanoparticle networks, whereas heating the mixture turned the color to its initial
case.

2.3.1.3 Sample Preparation for Optical Characterizations

Prior to optical characterizations, the hybridized and heated samples are then loaded
between two microscope slides, sealed with epoxy, and left for cooling. An Ocean Optics
halogen light source connected to a fiber is used to illuminate the microscope slides at a
normal angle (spot size: 0.2 cm?). The transmitted light is collected using a fiber equipped
Ocean Optics spectrometer. The transmission measurements are carried out first by
recording the spectrum of the transmitted light through the microscope slides loaded with
PB and then measuring the spectrum of the light transmitted through the same type of
microscope slides filled with the DNA-functionalized Au NPs. The reported
transmittance indicates the ratio of the measurement taken with Au NPs to the
measurement taken with only PB. The effect of the external light is evaluated by
continuously illuminating the sample with a green hand-held laser pointer (Yopigo ESO-
2000, spot size: 0.35 cm?) whose optical intensity variation was presented in Fig. 2.15.
The transmission spectra are recorded before laser illumination and every 10 min after
the laser radiation is applied. Microscopy images of the samples are recorded using a
Nikon transmission optical microscope prior to laser irradiation and every 30 min after
laser irradiation started. The electron microscope images are taken using a Zeiss Gemini

scanning transmission electron microscope.
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Figure 2. 8: Photograph of DNA-functionalized AuNPS that possess complementary DNA chains.
The formed after hybridization can be clearly seen.

2.3.2 Silver Nanoparticles DNA Functionalization

The synthesized Ag NWs were functionalized with thiol-modified single-stranded
DNA:s following the method developed by Han et al. [86]. In a typical experiment, Ag
NWs which were dispersed in ethanol was precipitated and redispersed in ultra-pure water
such that the final concentration was fixed at 1 mg/mL. The single-stranded DNAs
utilized in the experiment have the following sequences: (1) Thiol 5’-HS-
[TTTTTTTTTTTTTTGGTGCTGCG-3, and 2) 5’-HS-
TTTTTTTTTTTTTTTCGCAGCACC3’. The monothiol DNA sequences were subjected
to deprotection using a 0.10 M Dithiothreitol (DTT) solution and then purified using a

NAP-25 column. Afterward, two monothiol-functionalized DNA chains that are
complementary to each other were added separately to the silver nanowires solution,
resulting in a final DNA concentration of approximately ~5 uM. The mixed solution was
then salted with 0.15 M NaCl and 0.01 w% sodium dodecy! sulfate (SDS), buffered to 10
mM phosphate at pH 7.4, and incubated overnight at 25°C. Subsequently, the DNA-
coated Ag NWs were cleaned using centrifugation for three times. After the first two
centrifugation steps, the precipitated silver nanowires were redispersed in a solution
containing 0.015 w% SDS in phosphate buffered saline (PB). After the third
centrifugation process, the solution was dispersed in 10 mM PB solution for further

analysis in subsequent experiments.
2.3.3 Silica Nanoparticle DNA Functionalization

The silica NPs were functionalised with ssDNA molecules in following steps as
illustrated in Figure 2.9 [76], [87]: 50 ml colloidal dispersion of silica NPs (19.5 mg/mL)

21



was mixed with 0.3 mL of 3-aminopropyltriethoxysilane (APTES) and stirred vigorously
overnight [76], followed by centrifugation at 7000 rpm for 5 min, and the collected pellet
was redispersed in phosphate buffered saline (PBS). In the next step, 1 ml of APTES-
coated silica NPs solution was mixed with 1 ml of 8% glutaraldehyde (in PBS), and
solution was kept shaking for 5 h. Subsequently, the mixture was centrifuged and washed
with water at 7000 rpm for 5 min [87]. Then, the APTES and glutaraldehyde coated silica
NPs were functionalised with NHz-ssDNA. First, two different NH2-ssSDNA chains
(Oligomer Biotechnology) were added to the two vials containing silica NPs separately.
The ss-DNAs that we use have the following bases: 5°-NHa-
[TTTTTTTTTTTTTTCGCAGCACC-3’. The NPs and DNA solution were kept in a

shaker overnight at room temperature to allow the NH2-ssDNA to interact with the
glutaraldehyde-modified silica NPs. Later, the fluorophore-modified DNA (Cy5-DNA),
complementary to the NH2-ssDNA, was added to the DNA functionalised silica NPs
(NH2-ssDNA-coated silica NPs) for Cy5-DNA functionalization. Cy5-DNA is used to
confirm the attachment of DNA chains to silica nanoparticles (see section 3.2.2) Cy5-
functionalized DNA chain was as follows: 5’-Cy5-
TTTTTTTTTTTTTTTGGTGCTGCG-3’. Further, 100 uM NaCl solution in 10 mM PBS

was added to the solution to maximize the DNA coverage on each silica particle, and the

solution was shaken overnight. Next, the NH2-ssDNA-coated silica NPs (with or without
Cy-5 DNA functionalization) was centrifuged and washed for three times with PBS at
7000 rpm for 5 min. Finally, the collected pellet was redispersed in PBS [72].
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[
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Figure 2.9: lllustration of DNA-functionalization procedure of silica NPs.
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2.3.4 Quantum Dot DNA Functionalization

2.3.4.1 Phase Transfer of QDs to Aqueous Phase

Prior to DNA functionalization, the QDs need to be transferred to aqueous medium.
The phase change procedure for oleophilic CdSe/ZnS QDs to hydrophilic CdSe/ZnS with
mercaptopropionic acid (MPA) was carried out as reported elsewhere with slight
modifications [88]. In a typical experiment, 0.5 mL (10 mg/mL) of QDs solution in
hexane was precipitated by centrifugation with absolute acetone at 8000 rpm for 15 min.
The pellet was redispersed in 1 mL chloroform and transferred into a 4 mL glass vial.
Then, 0.5 mL ethylenediamine (EDA) was added to the above solution with vigorous
stirring. The solution was stirred for 30 min, and then 0.15 M aqueous MPA solution (1
mL) was added to the mixture and stirred for 1 h. Afterwards, stirring was stopped, and a
coloured aqueous layer containing water, EDA, ligand exchanged QDs, and an organic
layer containing hydrophobic materials formed. The aqueous layer was collected using a
pipette, followed by centrifugation using an excess amount of methanol to precipitate the
QDs from the crude solution. The pellet was redispersed in ultrapure water and stored in

a refrigerator for further studies.

Figure 2.10: QDs in Aqueous Phase. These QDs possess MPA as their ligands with COO~facing the
aqueous medium.

23



2.3.4.2 DNA Functionalization of QDs

We followed a previously reported protocol with minor modifications to functionalise
the QDs with single-stranded DNA (ssDNA) [89], which we illustrate in Figure 2.11. The
aqueous QDs were conjugated with amine-functionalized ssDNA (NH2-ssDNA,;
Oligomer Biotechnology) having the following bases: 5°-NH:-
TTTTTTTTTTTTTTTCGCAGCACC-3’. Briefly, 25 puL QD solution (8 uM) was diluted
with 200 pL borate buffer (50 mM, pH=6.1) in a glass vial. In the above QDs solution, 8
uL aqueous solution (50 mM) of N-Ethyl-N'-(3- dimethylaminopropyl) carbodiimide
hydrochloride (EDC, Aldrich) and 8 upL aqueous solution of (50 mM) N-
Hydroxysuccinimide sodium salt (NHS, Aldrich) were added. Next, 400 pL of NH»-

sSDNA (100 nM) solution was immediately added to the mixture. During the conjugation,
the salt concentration was increased with a time interval of 1 hour such that the final NaCl
concentration reached 0.1M. The QDs and DNA solutions were stirred overnight after the
final salting step. Subsequently, the QD-DNA conjugates were centrifuged via an
ultrafiltration unit with 50kDa weight cutoff at 6000 rpm for 5 min to remove
unattached/excess DNAs, followed by 4-5 times washing with borate buffer (50 mM, pH
= 6.1). The purified QD-DNA conjugates were redispersed in borate buffer (50 mM, pH
= 6.1, [NaCl] = 0.1M) for further characterisation and assembly.
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Figure 2.11: Schematic illustration of DNA conjugation reaction of QDs.
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2.3.5 DNA Functionalization of Glass

To optimise the silanisation process, the glass substrates (high quality microscopy
slides) were cleaned thoroughly to remove contamination. The glass substrates (2 cm x 2

cm) were first ultrasonicated in 1% Hellmanex solution, followed by ultra-pure water
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(UPW), acetone, and isopropanol in sequence for 20 min each at room temperature, and
then dried with the nitrogen. After drying, the substrates were placed in a plasma cleaner
(PE-50, Plasma Etch, Inc, Harrick Plasma) for 5 min. Next, the substrates were
immediately immersed in 2% APTES (v/v) solution in 90% methanol for 30 min. After
30 mins, the glass substrate was washed 3 times with 90% methanol and pure water, dried
in an oven at 120 °C for 45 min in ambient atmosphere, and allowed to cool at room
temperature [90],[91]. To functionalise the amine (NH2) group of APTES with an
aldehyde group of glutaraldehyde, 100 pL of 5% glutaraldehyde was spin-coated (VTC-
100, Vacuum Spin Coater, MTI Corporation) at each substrate for 1 min at 500 rpm. The
amines were allowed to react with glutaraldehyde at room temperature for 30 min and
washed thoroughly with UPW [92]. The DNA immobilisation on glass substrates was
done by spotting 60 uL of NH2-ssSDNA (100mM) on the amino-silanised and aldehyde-
functionalized glass substrate. The single-stranded DNAs that we use have the following
bases: 5-NHo-TTTTTTTTTTTTTTTGGTGCTGCG-3’. After that, the substrates were
incubated overnight at 37 °C and washed with 0.1% Triton X-100, 0.1M HCI (pH=4),
0.1M KCI and UPW [93]. The DNA-functionalisation of the substrate is schematically
represented in Figure 2.12. To confirm the DNA-functionalisation of the glass substrate,
we added Cy5-DNA on the functionalized glass substrate (DNA chain: 5’-Cy5-
TTTTTTTTTTTTTTTCGCAGCACC-3"). The fluoescence microscopy image (Figure

2.13) affirmed the successful coating of sSDNA over the glass substrates[72].

oH 0—§|1‘/\/NH2 o—lsli/\/N/\/HC:O
ZIP{I ()—%/\/NH2 0—<S|Pi/\/N/\/HC=0

Plasma cleaned glass substrate APTES modified glass substrate Glutaraldehyde modified glass substrate

o}
0—si NANAHC=N

NH,-ssDNAimmobilization of glass
substrate

Figure 2. 12: Coupling of amine-functionalized ssDNA on glass surface.
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Figure 2. 13: Fluorescence microscopy image of DNA-functionalized glass surface and Cy5-DNA
under the green fluorescence light.

2.4 Light-Assisted Control of Self-Assembly

2.4.1 Experimental Set-Up for Monitoring Transmission During Laser
Irradiation

To measure the transmission, during laser irradiation, the heated samples that are
including complementary DNA-functionalized AuNPs then loaded between two
microscope slides, sealed with epoxy, and left for cooling. An Ocean Optics halogen light
source connected to a fiber is used to illuminate the microscope slides at a normal angle
(spot size: 0.2 cm?). The transmitted light is collected using a fiber equipped Ocean Optics
spectrometer. The transmission measurements are carried out first by recording the
spectrum of the transmitted light through the microscope slides loaded with PB and then
measuring the spectrum of the light transmitted through the same type of microscope
slides filled with the DNA-functionalized Au NPs. The reported transmittance indicates
the ratio of the measurement taken with Au NPs to the measurement taken with only PB.
The effect of the external light is evaluated by continuously illuminating the sample with
a green hand-held laser pointer (Yopigo ESO-2000, spot size: 0.35 cm?, 20mW) whose
optical intensity variation was presented in Fig. 2.15. The transmission spectra are
recorded before laser illumination and every 10 min after the laser radiation is applied.
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Microscopy images of the samples are recorded using a Nikon transmission optical
microscope prior to laser irradiation and every 30 min after laser irradiation started. The
electron microscope images are taken using a Zeiss Gemini scanning transmission

electron microscope.

Halogen light source

Ocean Optics
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Ocean Optics
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Figure 2. 14: Illustration of the transmittance measurement setup [67]
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Figure 2. 15: Time evolution of the optical intensity of the hand-held battery-powered green laser
used in this work.

27



2.4.2 Experimental Set-Up for Light Assisted Pattern Formation

A green-emitting hand-held laser (20 mW) was used as a light source to control the
self-assembly of QDs (and to analyse the coating of silica NPs) on the glass substrate.
Briefly, 60 pL of QD-ssDNA conjugates were dropped over the complementary
immobilized NH2-ssDNA glass substrate in the presence of salt solution, and the substrate
was illuminated with laser light for 4 h. During this time, the sSSDNAs, conjugated with
QDs, were allowed to hybridise with the sSDNAs present on the glass substrates forming
a double helical structure and hence achieving the utmost attachment to the substrate.
While the area of the substrate under the laser spot was remained uncovered or intact from
the QDs, forming a spherical structure over the glass substrate. Once the targeted coating
duration is achieved, we washed the sample with PBS buffer three times using a pipette
while the laser irradiation continues. It is also worth emphasizing that the time-dependent
analyses of the coatings were carried out under the same conditions but by employing

different samples for each time duration we tested.

Green laser (20mW)
Blank spot due to unbinding of QD-DNA and

NH;-ssDNA in the presence of laser radiation T
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t il t
substrate QD-DNA conjugation on glass substrate

Figure 2. 16: llustration of the system used to control the self-assembly of DNA-functionalized QDs
on DNA-functionalized glass surface using laser irradiation.

2.4.3 Experimental Set-Up for Light Assisted Glass Coating with
AgNWs

To create a conductive, patterned shape, we wanted to control the electrostatic coating
of AgNWSs was on glass using laser light. For this purpose, we applied blue laser on the

glass substrate that dipped inside AgNWs solution after the polyelectrolytes coating.
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Figure 2. 17: Blue Laser Experimental Set-Up for Glass Coating with AgNWs

We tried some further steps to increase conductivity of AQNWSs coated glass surface.
First, increasing the number of coating layer AGQNWs and then the duration of staying
glass inside the AgNWs solution, Additionally, we increased the concentration of AQNW5s
solution. Finally, the coated AgNW layer on glass were mid-processed to improve their

conductivity by heating at 100°C in between each layer of coating AgNWs.

2.5 Measurements & Characterizations

The absorption and photoluminescence spectra of synthesised materials were
recorded on Genesys 10S UV-Vis spectrophotometer (Thermo Scientific) or Shimadzu
UV1800 UV-vis spectrometer and Cary Eclipse Fluorometer (Agilent Technologies),
respectively. To determine the size (hydrodynamic) and surface charge on the synthesized
AuNPs, QDs, AgNWs and SiO2 NPs dynamic light scattering (DLS) and zeta potential
measurements were done on ZetaSizer Nano-ZS (Malvern Instruments, U.K.) at room
temperature. A scanning electron microscope (SEM, Zeiss Gemini-SEM300) was used to
analyse the morphological features of the NPs, and the morphology of AuNPs and QDs
was determined by scanning tunnelling electron microscope (STEM, Zeiss Gemini-
SEM300). The sample for STEM was prepared by sonicating 1 mL of AuNPs and QDs
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in 10 mL ultrapure water, and this solution was deposited on to carbon-coated copper grid
by the fishing method. The optical images were collected by using Nikon transmission
optical microscope to verify the QD coating on the glass substrates and to measure
transparency of AuNPs network. An Ocean Optics halogen light source connected to a
fiber is used to illuminate the microscope slides at a normal angle (spot size: 0.2 cm?).
The reflection and transmission spectra is collected from prepared films including AuNPs
and SiO2 NPs by using a fiber equipped Ocean Optics spectrometer. The power of the
lasers light was measured using a Newport (Model 843-R) power meter, and the average
intensity was calculated at irradiated surfaces. Sheet resistance is measured by four-probe
instrument Keithley2400 (Source Meter) to observe conductivity of AQNWs coated glass

surfaces.
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Chapter 3

RESULTS AND DISCUSSION

3.1 Nanoparticle Synthesis

In this thesis, we have synthesized metal, semiconductor, and dielectric
nanoparticles. Below we present our results of characterizations belonging to these

syntheses.

3.1.1. Gold Nanoparticle Synthesis

Gold nanoparticles (AuNPs) are preferred materials for studies involving DNA
functionalization owing to easiness in attaching thiol groups to the gold surface. In our
thesis, with this motivation but also to study optical feature control, we synthesized
AuUNPs. The absorption spectra of synthesized AuNPs in water possess a plasmon peak
around 525 nm (Figure 3.1.). This absorption region is especially important because light
emitted by the commercially available, low-cost green lasers can be absorbed by our

nanoparticles.
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Figure 3. 1: UV-visible absorption spectra of the AuNP colloidal solution
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3.1.2. Silver Nanoparticle Synthesis

To obtain conductive patterned surfaces, we aimed at using silver nanowires that will
be coated on 2D surfaces using charge assisted coating method. For this purpose, we
synthesized AgNWs following the polyol method as described in Chapter 2. The
absorption spectra of AgNWs in water are shown in Figure 3.2. These NWs have a strong
plasmon peak of around ~380 nm and a shoulder at ~360 nm that are attributed to
longitudinal and vertical modes of electron oscillations [94] [95]. The zeta potential
measurements revealed that the surface charge on silver nanowires was -19 mV (Figure
3.3) and indicate that the NWs are relatively stable. To analyse the dimension of AQNWs
we took their SEM images indicating straight wires with an average diameter of 50 nm

and average length of 4 um (Figure 3.4).
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Figure 3. 2: UV-visible absorption spectrum of the AgNW colloidal solution
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Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -19.,6 Peak 1: -19,6 100,0 7.68
Zeta Deviation (mV): 7,68 Peak 2: 0.00 0.0 0,00
Conductivity (mS/cm): 0,0267 Peak 3: 0,00 0,0 0,00

Result quality Good

Zeta Potential Distribution
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Total Counts
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Apparent Zeta Potential (mV)

Record 6753: Ag NW upw 1 Record 6754: Ag NW upw 2|

Figure 3. 3: Zeta potential measurements of AQNW colloidal solution
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Figure 3. 4: SEM image of AgNWs.
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3.1.3. Silica Nanoparticle Synthesis

To test the effectiveness of light on tailoring the self-assembly, we needed a material
that would not absorb the light and would not experience local heating. Silicon dioxide
(also called silica) nanoparticles are great fit for this purpose. With this motivation, we
synthesized silica NPs as described in Chapter 2. The surface morphology and average
size of silica NPs were measured by DLS and SEM, showing an average size of 140-200
nm (Figure 3.5 and 3.6, respectively). The zeta potential measurements revealed that the

surface charge on bare silica NPs was -29 mV (Figure 3.7) indicating colloidal stability.

Results
Size (d.n... % Intensity: St Dev (d.n...
Z-Average (d.nm): 141,3 Peak 1: 156,6 100,0 56,18
Pdl: 0,140 Peak 2: 0,000 0,0 0,000
Intercept: 0,946 Peak 3: 0,000 0,0 0,000

Result quality Good
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Record 4: sio2 np 20.05.22 in water 3

Figure 3. 5: DLS measurement results of silica NPs
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Figure 3. 6: SEM image of Silica NPs.

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -29,1 Peak 1: -22,2 56,3 6,82
Zeta Deviation (mV): 11,2 Peak 2: -38,1 42,6 6,32
Conductivity (mS/cm): 0,0582 Peak 3: -60,5 1,1 2,62

Result quality See result quality report

Zeta Potential Distribution
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Figure 3. 7: Zeta potential measurements of silica NPs.

3.1.4. Quantum Dot Synthesis

The complete establishment of our purposed technique on light-controlled self-
assembly entails the inclusion of semiconductor nanoparticles to the list of materials that
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can be employed. For this purpose, in this thesis, we synthesized red-emitting CdSe/ZnS
QDs. The oleophilic red-emitting CdSe/ZnS QDs were synthesized by the hot-injection
method. The photoluminescence and absorption spectra of the QDs is presented in Figure
3.9. indicate a clear first-exciton peak at ~610 nm while the photoluminescence peak is
located at ~630 nm. Furthermore, the STEM images in Figure 3.11. show a diameter of
~9 nm.

These QDs were then transferred to the aqueous phase via the ligand exchange
process in the presence of EDA. The EDA helps to detach the original ligands from the
QDs surface, allowing MPA to attach more firmly to the QDs and make them water-
soluble. The MPA molecule attaches to the QDs surface via its thiol group (-SH), whereas
the carboxyl group (-COOH) remains available for interaction with NH2-ssDNAs. The
zeta potential measurements were performed to observe the surface charge of the
carboxyl-functionalized CdSe/ZnS QDs. As shown in Figure 3.8, the QDs were
negatively charged with the zeta potential value of -37.7 mV, attributed to the presence
of terminal carboxyl groups. The colloidal solutions with a zeta potential value above +30
mV or below -30 Mv [96] are considered stable, hence carboxyl-functionalized CdSe/ZnS
QDs solution was ascribed to be stable. The quantum efficiency was calculated using the
Eqg. (3.1):

QEqp = QEdye X (IQD/Idye) X (hQD/hdye)2 Eqg. (3.1)

where QE is the quantum efficiency of the standard dye (Sulphorhodamine 101), I is the
integrated fluorescence spectra of quantum dot or the standard (at the excitation
wavelength corresponding to the same absorbance value); and 7 is the refractive index of
QDs solvent (hexane and water) and standard dye solvent (ethanol). After the
calculations, the QE of the CdSe/ZnS (in hexane) and CdSe/ZnS/MPA (in water) QDs

were found to be 51%, and 30%, respectively.
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Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -37,7 Peak 1: -34,3 67,4 4,94
Zeta Deviation (mV): 7,49 Peak 2: -46,0 32,6 3,98
Conductivity (mS/em): 0,0363 Peak 3: 0,00 0,0 0,00

Result quality Good

Zeta Potential Distribution
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Figure 3. 8: Zeta potential measurement results of CdSe/ZnS (red-emitting) QDs in water.
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Figure 3. 9: Photoluminescence and absorption spectra of red-emitting CdSe/ZnS QDs in hexane.
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Figure 3. 10: Photoluminescence spectra and absorption spectra of MPA-functionalized CdSe/ZnS
QDs in water.
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Figure 3. 11: STEM Image of CdSe/ZnS QDs.

3.2. DNA Functionalization of Nanoparticles

3.2.1. DNA Functionalization of Gold Nanoparticles

As described in Chapter 2, AuNPs were coated with single-stranded DNAs. The

success of the coating was imminent when we observed precipitation of nanoparticles
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network

upon hybridization with AuNPs possessing complimentary DNAs. We

furthermore, measured the melting temperature to be 51 °C (Figure 3.14)

3.2.2. DNA Functionalization of Silica Nanoparticles

Silica NPs were functionalized with ssDNA. The surface morphology and average

size of DNA-functionalized silica NPs. Figures 3.12 and 3.13 show the zeta potential
values of -2.92 and 21.7 mV for the APTES and glutaraldehyde-functionalized NPs,

respectively. The change in zeta potential values confirms the successful functionalization

of silica NPs with APTES and glutaraldehyde. However, upon further functionalization

of glutaraldehyde coated silica NPs with sSDNA, the zeta potential again turned out to be

negative (-33.2 mV) owing to the negative charge on the DNA molecules (Figure 3.14).

Figure 3.
APTES.

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -2,92 Peak 1: -2,92 100,0 3,19
Zeta Deviation (mV): 3,19 Peak 2: 0,00 0,0 0,00
Conductivity (mS/cm): 0,0538 Peak 3: 0,00 0,0 0,00

Result quality
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12: Zeta potential measurements of the silica NPs whose surface is functionalized with
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Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): 217 Peak 1: 21,7 100,0 3,12
Zeta Deviation (mV): 3,12 Peak 2: 0,00 0,0 0,00
Conductivity (mS/cm): 0,597 Peak 3: 0,00 0,0 0,00

Result quality

Zeta Potential Distribution
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Figure 3. 13: Zeta potential measurements of the silica NPs whose surface is functionalized with
glutaraldehyde.

Results
Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -33,2 Peak 1: -33,2 100,0 3,23
Zeta Deviation (mV): 3,23 Peak 2: 0,00 0,0 0,00
Conductivity (mS/cm): 0,820 Peak 3: 0,00 0,0 0,00
Result quality
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Figure 3. 14: Zeta potential measurements of the silica NPs after DNA functionalization.

To test the presence of DNA on the NP surface, we mixed DNA-coated SiO2> NPs
with Cy5-DNA possessing complimentary DNA chains. In Figure 3.15, the absorbance
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peak at 633 nm shows the presence of Cy5 [97]. In this experiment, Cy5 was used to
understand whether ssDNA links to SiO2 nanoparticles or not. When we measure the UV-
VIS spectrum of ssDNA-functionalized SiO> nanoparticles with Cy5-DNA, it gives a
peak around 633-650 nm. It confirms the hybridization between DNA-functionalized
SiO2 nanoparticles and Cy5-DNA.
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Figure 3. 15: Absorbance spectrum of Hybridized alphapi-DNA-functionalized-SiO2 Nanopatrticles
and Cy5-DNA

From the absorbance measurements we selected excitation wavelength to be 633 nm.
Cy5 gives a peak around 680-700 nm when excited at 633 nm [97]. Results of PL
measurements that Figure 3.16 and Figure 3.17 point out that hybridization occurred

between ssDNA-functionalized SiO2 nanoparticles and Cy5-DNA.
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Figure 3. 16: Photoluminescence spectrum of Hybridized alphapi-DNA-functionalized SiO:
Nanoparticles and Cy5-DNA
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Figure 3. 17: Photoluminescence spectrum of Hybridized alpha-DNA-functionalized SiO:
Nanoparticles and Cy5-DNA

The functionalisation of silica NPs was further confirmed with the help of FT-IR
spectroscopy (Figure 3.18). An intense peak at 1100 cm™ is the characteristic peak of Si-
O-Si bond for SiO., after APTES functionalization, two absorption peaks at around 3400
and 1600 cm™! were observed, which can be attributed to the N-H stretching vibration
and NH: bending of the free NH2 group in APTES which are attached to the surface of
silica. After the interaction of glutaraldehyde with the amine groups of APTES, a peak at
around 1600 cm™! could be ascribed to C=N of imine [98].
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Figure 3. 18: FTIR spectra of SiO2, APTES@SiO2 and gluteraldehyde@ APTES@SiO2 NPs

3.2.3. DNA-Functionalization of Quantum Dots

In the present work, we attached amine-functionalized, single-stranded DNA
molecules to the carboxyl-functionalized QDs by employing carbodiimide chemistry as
described in Chapter 2. Further, to quantify the number of DNA conjugated per QD, we
performed a fluorescence-based experiment with Cy5 DNA complementary to each QD-
ssDNA conjugate, and we observed that as an average 23 DNAs were conjugated per QD

(see Figure 3.19 for further details).

Below in Figure 3.19, we present the absorption spectra of the supernatant containing
Cy5-DNAs as the strong peak at 680 nm. The peak at 260 nm belongs to the DNA
molecules where the Cy5 dyes had been chemically attached to. These Cy5-DNAs are
actually the molecules that did not hybridize with the complementary DNASs on the
surface of the QDs. The ones that were connected to the DNASs on the surface of the QDs
precipitated due to the relatively high salt concentration. Initially, we placed 10000 pmol
of Cy5-DNAs to 400 pmol of the DNA-functionalized QD dispersion. The absorption
spectrum measured presented in Figure 3.19 indicates that 988.2 pmol of the Cy5-
functionalized DNAs were present in the supernatant, which was found by multiplying
the volume of the supernatant, the absorbance and the extinction coefficient of the Cy5-
dye at 680 nm. This calculation showed that 10000-988.2=9011.8 pmol of the Cy5-DNAs
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were connected on the surface of the QDs possessing complementary DNAs. As a result,
the average number of DNA molecules conjugated per quantum dot becomes
9011.8/400=23.
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Figure 3. 19: Absorption spectrum of the supernatant containing not hybridized Cy5-DNA molecules.

3.3. Transmission Control of Gold Nanoparticle
Network with Light

In this work, we investigate the effect of light on the DNA-driven self-assembly of
nanoparticles and show the opportunities to manipulate the optical response of the
nanoparticle network by light excitation. The temperature of the ambient medium is the
main mechanism that tailors the binding and unbinding process of the nanoparticles that
are connected to each other via complementary single-stranded DNA molecules. If the
temperature is above a critical temperature called the melting temperature, the
complementary ssDNAs remain separated leading to isolated nanoparticles within the
aqueous medium. When the temperature decreases, the hydrogen bonds of the
complementary DNASs on the nanoparticles will prevail and a network of nanoparticles
will form. Here, we would like to use the light as a tool to control this process. The light
that can be absorbed by the nanoparticles constituting the nanoparticle network will
increase the temperature within their close proximity. As a result, the temperature will
increase and dissolve the network of the nanoparticles if it rises above the melting

temperature. Once the nanoparticle network dissolves, this should affect the intensity of
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the scattered light leading to changes in the optical properties of the network. To test the
applicability of this idea, we synthesized gold nanoparticles possessing a plasmon peak
around 525 nm such that the light emitted by the commercially available, low-cost green
lasers can be absorbed. Subsequently, we functionalized these nanoparticles with thiol-
functionalized single-stranded DNAs. We then mixed the nanoparticles with
complementary DNAs and formed a network utilizing DNA-DNA interactions. After
heating the mixture above the melting temperature to dissolve the network, we quickly
placed it between two microscope slides and sealed them with epoxy to avoid evaporation
during the experiment. Before starting the optical experiments, we kept the mixture at a
temperature below the melting temperature for a long time to guarantee the formation of
the network. The scanning transmission electron microscope image in Fig. 3.20(a) shows
this network of nanoparticles. We found the size of the nanoparticles to be 22.3 + 4.6 nm
using this electron microscopy image. Based on Haiss et al. [99] and the UV-Vis

measurements, the concentration of the nanoparticles was found to be 0.81 nM.

In our first test, we measured the transmittance of a broadband white light through
the sample while illuminating the sample with a green laser at an oblique angle as shown
in Fig. 3.20(b). Our results in Fig. 3.20(c) show that the transmittance first decreases up
to 60 min and subsequently increases upon continuous laser illumination. At 80 min of
laser exposure, the transmittance reaches its maximum and afterward, we do not observe
a significant variation in the transmittance levels. To make a better comparison, we
analyzed the change in the intensity of the transmitted light by applying Eqg. (3.2), where
T(t,\) stands for the measured transmittance as a function of the laser illumination
duration (t) and the wavelength (1),

T(t,2) — T(0,2)

%AT(t,1) = 100 X T Eq. (3.2)
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Figure 3. 20: (a) Scanning transmission electron microscope image of the network of gold
nanoparticles functionalized with complementary single-stranded DNAs. Scale bar: 100 nm. (b)
Illustration of the transmittance measurement setup. (¢) Transmittance (T) spectra of the DNA-self-
assembled network of gold nanoparticles as a function of laser irradiation duration (t). (d) Change
in the transmittance (AT) of the self-assembled nanoparticle network as a function of laser irradiation
duration with respect to the transmittance of the sample before the laser exposure.

EHT = 5.00 k¥ Mag= 85.00 KX
Signal A= SE2 WD = 4.6 mm

Figure 3.20 (a): Scanning transmission electron microscope image of the network of gold
nanoparticles functionalized with complementary single-stranded DNAs
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The transmittance data processed according to Eq. (3.2) are presented in Fig. 3.20(d).
This analysis shows that the transmittance of the sample decreases within the first 60 min
to about 65% of the initial transmittance value (AT = —35%). After 60 min, the
transmittance starts to increase again at all the wavelengths of interest. After 70 min, the
transmittance increases beyond its initial level, and at 80 min, it takes values ~30% higher
than the level at t =0 (AT = 30%) and remains unchanged until the end of the experiment.
The decrease in transmittance within the first hour of laser exposure may be due to the
large light-scattering clusters temporarily covering a larger area due to unbinding from
larger features. Eventually, these large clusters disassociate into smaller clusters causing
decreased scattering at longer laser exposures. Another point worth mentioning is that the
variations in the transmittance occur over the whole spectral region of interest without
distinct wavelength dependence except a slightly stronger increase in transmittance in the
blue region.

At this stage of our study, we designed a control experiment using a single type of
DNA-functionalized gold nanoparticles. The aim of this experiment was to understand
whether the observed increase in the transmission occurs due to the structural changes in
the material network or another unpredicted effect related to our experimental setup and
gold nanoparticles. In our experiment, we placed these nanoparticles between microscope
slides without hybridizing them with the nanoparticles functionalized with
complementary DNAs. The measurements presented in Fig. 3.21 do not show any
obvious changes in the transmission levels regardless of the time of laser exposure when
the sample is illuminated with a green laser. This shows that the observed changes in Figs.

3.20(c) and 3.20(d) are directly related to the changes in the structure of the network.
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Figure 3. 21: Change in the transmittance (AT) of the gold nanoparticles functionalized with a single-
type of single-stranded DNAs as a function of laser irradiation duration with respect to the
transmittance of the sample before the laser exposure.

To gain further understanding on the process, we measured the melting temperature
of the DNA-functionalized nanoparticle mixture to be 51 °C (Fig. 3.22). Using an infrared
temperature, upon laser exposure for 2 h, we did not observe any increase beyond 32 °C
in the temperature of the solution containing the nanoparticle mixture. The temperature
remaining below the melting temperature suggests that no bulk heating in the sample
occurs due to laser exposure. On the contrary, the laser light modifies the structure of the
nanoparticle network owing to the laser light locally heating up the nanoparticles and their
close proximity. Whether the separation of the nanoparticles is due to the separation of
the connected DNA molecules on the nanoparticles or due to the disconnection of the
ssDNAs from the nanoparticles is an important question. To test this, we exposed our
sample with the laser at another time while measuring the transmittance (Fig. 3.23). Due
to the reorganization of the nanoparticles, we observed different absolute transmittance
values than that shown in Fig. 3.20. However, the variation in the transmittance (AT)
shows that an increase in transmittance occurs similar to Fig. 3.20 at the end of the
experiment. Reproduction of the increased transmittance of the same sample shows that
the binding—unbinding process of the nanoparticles is a reversible process. This suggests
that laser exposure causes the separation of DNA molecules connecting the nanoparticles
together rather than separating the DNA molecules from the surface of the gold

nanoparticles.
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Figure 3. 22: Melting temperature measurement of complementary DNA-functionalized gold
nanoparticles in phosphate buffer
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Figure 3. 23: Change in the transmittance (AT) of the self-assembled nanoparticle network as a
function of laser irradiation duration with respect to the transmittance of the sample before the laser

exposure. AT is calculated according to %AT(t,A) = 100 x%

duration after the laser illumination starts and the A is the wavelength.

where t stands for the

Despite its limitations on detecting the changes of the clusters with small sizes, the
optical microscopy still provides valuable information on how the structure evolves over
time upon laser irradiation (Fig. 3.24). Prior to laser irradiation, we see the broad dark
regions inside the aqgueous medium that indicates the clusters of gold nanoparticles. We
did not observe any changes in the structures although we illuminate the nanoparticle
network with white light. However, as shown in Fig. 3.24, upon laser illumination we

observed the bright spots opening inside the dark features showing that the laser light
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causes the nanoparticles to get separated from each other. To further evaluate whether the
disassociation of the network is due to beam damage or due to unbinding of the
nanoparticles owing to laser irradiation, we quickly cooled the sample at 4°C and
observed the recovery of the network. The reversibility of the network shows that the
laser beam does not cause damage on the nanoparticle surface but locally heats the

nanoparticle surroundings leading to unbinding of the nanoparticles.

t=0 min t=30 min t=60 min t=90 min t=120 min

Increasing Laser Irradiation Duratlon

Original Images

50 um
——

Difference Images

Figure 3. 24: Optical microscopy images of a cluster of nanoparticles functionalized with
complementary DNAs. As the sample is exposed to green laser light, the cluster of nanoparticles is
observed to disassociate. When the sample is cooled again at 4 °C (the right most image), we observe
the disassociated region recovers indicating the reversibility of the process

To retrieve a quantitative information out of the microscope images, we calculated
the area covered by the white areas on the microscope images that correspond to the areas
not covered by the nanoparticle network. As shown in Fig. 3.25(a), we observe that the
white areas on the image cover ~40% larger area at the end of the test compared to the
initial white areas indicating that the nanoparticle network dissolves as a response to laser
illumination. To compare this behavior with transmission measurements, we first
integrated the transmittance presented in Fig. 3.20(c) over the whole spectrum and plotted

the integrated transmittance variation relative to the integrated transmission before the
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laser illumination starts [Fig. 3.25(b)]. This graph shows a qualitatively similar trend to
Fig. 3.25(a), both of which indicate increased transmission owing to the disassociation of

the nanoparticle network.
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Figure 3. 25: Time evolution of the disassociation of the self-assembled nanoparticle networks as
calculated using optical microscopy and transmission spectroscopy. (a) Relative change of the area
covered by white pixels on the microscope images corresponding to the areas not covered by the large
nanoparticle clusters blocking the light as calculated using the optical microscopy images in Fig. 3.16.
The relative white areas at different time points are calculated with respect to the number of white
pixels at t = 0. (b) The time-evolution of the relative area under the transmittance spectrum as a
function of laser irradiation duration. The calculation is made using the transmittance information
presented in Fig. 3.12 by calculating the area under the spectrum between 450 and 900 nm. The data
at different time points are normalized in accordance with the integrated transmittance at t = 0.

3.4. Light-Controlled Self-Assembly of QDs on Glass

Surface
An important target of our thesis has been the control of DNA-driven self-assembly

of colloidal nanoparticles. We selected QDs as the candidate material since they act as
the active medium of opto-electronic device. Owing to the local heating, we aimed
tailoring the self-assembly with laser light. For this purpose, QD-ssDNA conjugates were

dropped over the DNA-functionalized glass substrate possessing complementary bases to
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the ones on the QD surface, and a specific area of the substrate was illuminated with a
green laser emitting at 532 nm. Here, the QD-ssDNA conjugates can absorb the laser light
as the absorption spectrum of the QDs indicates (Figure 3.10). During the laser
irradiation, QD-ssDNA conjugates were added onto the NH2-sSDNA-functionalized glass

substrate.

The fluorescence microscopy image presented in Figure 3.26 clearly shows that the
area of the substrate under the laser irradiation remained uncoated and appears as a dark
spot while the QDs uniformly coated the not-illuminated area of the glass substrate. This
obtained structure is even visible to the naked eye when the film is illuminated with a UV
light (Figure 3.26(B)). As the fluorescence microscopy images also reveal, obtained

feature extends to several 100s of micrometers (Figure 3.26(C)).

Figure 3. 26: (A) Photograph of the QD film during the fluorescence microscopy imaging using green
light. (B) Photograph of the film taken under the excitation of UV light. This film was formed after
applying green laser irradiation for 4 h on to the DNA-functionalized QDs. Obtained feature where
the QDs are not coated are clearly visible in this photograph. (C) Fluorescence microscopy image of
the same film taken from the centre of the illuminated area. (D) Fluorescence microscopy image of
the same film taken from a region outside of the illuminated area.
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It is possible that under prolonged laser irradiation, the QDs may experience
photobleaching which may have caused the dark spots on the microscopy images. To
reveal whether photobleaching was effective or not, we added the same DNA-
functionalized red-emitting QDs onto the glass substrate functionalized with
complementary DNAs. This time, we let the film dry prior to laser irradiation. After the
film completely dried, we exposed the film to the green laser for 4 h. As shown in Figure
3.27, the QDs in the irradiated region were still as luminescent as the QDs in the region
that was not irradiated with the laser light, ruling out the possibility of photobleaching as
the cause of the dark spot formation. These results show that light irradiation can be used
as an external tool to tailor binding and unbinding process between the DNA molecules

attached to the QDs and the ones to the glass substrate.

Figure 3. 27: Fluorescence microscopy image of DNA-functionalized glass surface coated with DNA-
functionalized red-emitting QDs. The film was left to dry first and then exposed to green laser
irradiation for 4 hours. (A) shows the fluorescence microscopy image taken from the irradiated area
and (B) was taken from the nonirradiated area.

To analyse the effect of laser exposure time, we illuminated the DNA-functionalized
glass with QD-ssDNA solution for 1, 2, 3, and 4 h. The laser exposure for 1 and 2 h was
insufficient to produce a local heating effect, consequently there was no remarkable
difference between the laser exposed and the unexposed area on the glass substrate
(Figure 3.28-3.30). After 3 h laser irradiation, we observed a remarkable difference
between the laser irradiated area (dark spot, Figure 3.31) and the non-irradiated region
(red fluorescence area, Figure 3.31). Also Figure 3.26 shows the precise impact of laser
irradiation after 4 h of exposure time. The laser used for the experiments had the power

of 20 mW with an illumination area of 0.35 cm?, so the effect of laser light on the self-
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assembly could only be perceived after three hours when the area under illumination was

exposed to laser light with an energy density of 617 J/cm?.

Figure 3. 28: Fluorescence microscopy image of DNA-functionalized glass surface and DNA
functionalized QD after laser irradiation for 1 hour. (A) irradiated area and (B) nonirradiated area.

Figure 3. 29: Fluorescence microscopy image of DNA-functionalized glass surface and DNA
functionalized QD after laser irradiation for 2 hours, irradiated area.
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Figure 3. 30: Fluorescence microscopy image of DNA-functionalized glass surface and DNA
functionalized QD after laser irradiation for 2 hours, nonirradiated area.

Figure 3. 31: Fluorescence microscope image of DNA-functionalized glass surface and DNA
functionalized QD after laser irradiation for 3 hours. (A) irradiated area and (B) nonirradiated area.

The above concept of local heating via laser irradiation was applied to silica NPs
possessing complimentary DNAs to ensure laser irradiation is responsible for the
uncoating or dark spot. For this purpose, we coated the surface of a DNA-functionalized
glass surface with DNA-functionalized silica NPs. As presented in the Methods Section,
the DNAs on the glass surface and silica NP surface are complementary to each other. To
test the effect of the laser light, we irradiated a portion of the surface during coating. Once
the coating is done, we washed the surface, turned-off the laser irradiation, and then took
optical microscopy images. As the silica NPs are not fluorescent, this time we analysed
the coating using a bright-field optical microscopy in transmission mode. Since the silica
NPs do not absorb the light at the laser irradiation wavelength (A=532 nm), the light
exposure was not expected to affect the nanoparticle coating on the glass surface. After

four hours of laser irradiation, no difference was observed on the substrate (Figure 3.32).
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These results support our hypothesis that the local heating of the QDs by the laser
irradiation is responsible for controlling the self-assembly process.

Figure 3. 32: Optical microscopy images of DNA-functionalized silica NP coated glass surface. During
the coating process, the sample was irradiated for 4 hours. (A) was taken from the central region of
the illuminated area whereas (B) was taken from a region outside of the illuminated area.

A similar, supporting control experiment was conducted using a red laser (A=632 nm,
4.1 mW/cm?) to test the effect of laser wavelength on the binding-unbinding process of
QD-ssDNA on glass surface. Due to difference of intensities with the green laser, we
exposed the surface to red laser for 42 h to achieve the same threshold energy density
with the green laser (617 J/cm?). At the end of the experiment, we observed that the QDs
are coated without any major difference between irradiated and not irradiated areas
(Figure 3.33). We attribute this difference to the fact that the DNA-functionalized QDs
cannot absorb the light irradiated by a red laser. As a result, local heating of the QDs do
not occur leading to the ineffectiveness of the red laser irradiation on coating. These
results support our hypotheses that the coating of the DNA-functionalized QDs can be
controlled by using a light source that the QDs can absorb enabling local heating.
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Figure 3. 33: Fluorescence microscopy images of the film where the DNA-functionalized QDs were
added to DNA-functionalized glass possessing complementary bases while irradiating the sample
with a red laser for 42 h. (A) shows the irradiated area and (B) shows not irradiated area on the same
sample.

To demonstrate the capability of our method to self-assemble materials
hierarchically, we dropped green-emitting QD-ssDNAs (Figure 3.35) and Cy3-ssDNAs
(Figure 3.34) on the red-emitting QD-coated glass substrate that had already been
structured with the laser light. Over time, the previously uncoated areas (dark spots) on
the glass substrate were successfully coated with green-emitting QDs and Cy3-ssDNAs.
These results prove that our proposed method can be utilized for designing complex

architectures involving multiple DNA-functionalized materials.

Figure 3. 34: Fluorescence microscopy images of (A) ssDNA-functionalized glass substrate and red-
emitting QD-ssDNA with complementary bases after 3 hours laser treatment showing a dark spot
and (B) after adding Cy-3 ssDNA on to the dark spot in(A).
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Figure 3. 35: Fluorescence microscopy image of DNA-functionalized glass surface and DNA
functionalized red-emitting QD after focused blue laser irradiation for 4 hours under green-
fluorescent light. Centre of the irradiated area (A) before and (B) after adding DNA functionalized
green-emitting QDs.

3.5. Conductive Films Made of Self-Assembled AgNWs

For achieving fully self-assembled devices, obtaining patterned conductive surfaces
is essential. In this thesis, we aimed to address this need by studying electrostatic self-
assembly of AgNws.

Here we employed MPA-coated AgNWSs. The average zeta potential of these NWs
became around -20 mV which confirms the presence of carboxyl groups (-COOH) on the
surface [11]. These results indicate a clear shift towards negative direction owing to COO~
ions on the surface of the NWs (Figure 3.36).
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Results

Mean (mV) Area (%) St Dev (mV)
Zeta Potential (mV): -20,7 Peak 1: -22,0 92,3 6,56
Zeta Deviation (mV): 8,16 Peak 2: -1,97 7.7 3,35
Conductivity (mS/cm): 0,0161 Peak 3: 0,00 0,0 0,00
Result quality Good
Zeta Potential Distribution
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Figure 3. 36: Zeta potential of AQNW coated with MPA

As described in the Methods Chapter, we self-assembled AgNWs using charge-
assisted coating method. We first coated a single layer of AQNWSs by dipcoating the glass

substrate for 5 min.

Optical microscopy image of the formed structure indicates that individual nanowires

are scattered on the glass surface rather than forming a continuous film (Figure 3.37).

Figure 3. 37: Optical Microscopy Images of AgNWs coated glass, without laser light application

Next, we applied laser irradiation (A=450 nm) for 10 min during the coating process

(Figure 3.38).

We see that the laser irradiation did not significantly alter the NW coating on the

glass.
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Figure 3. 38: Optical Microscopy Images of AgNWSs coated glass, after application of blue laser light
for 10 min

To find a remedy, we decided to increase the coating duration to 30 min, while
keeping the laser irradiation on. Results presented in Figure 3.39 indicate that increasing

the duration does not cause a significant difference (Figure 3.39).

Figure 3. 39: Optical Microscopy Images of AgNWs coated glass, after application of focused blue
laser light for 30 min

At this point, we decided to focus our attention first to form a continuous AgNW film.
Therefore, we increased the AGNW concentration by three times and also increased the
coating duration to 1.5 h. Result shown in Figure 3.40 indicates a better coating; however,
the obtained film is still not a continuous one.
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Figure 3. 40: Optical Microscopy Images of single layer AgNWs coated glass when the concentration
is increased by three times and 1.5 hours waited inside AgNWs solution during stirring

Next, we increased the AgNW coating cycle from one to two, and we kept the film
within a heated solution at ~100°C for 5 min. We realize that this approach improved the
continuity of film significantly Figure 3.41. increasing the number of coatings to three

further improved the coating quality Figure 3.42.

Figure 3. 41: Optical Microscopy Images of two-layer AGQNWSs coated glass when the concentration is
increased by three times, waited inside heated solution of AGQNWs for 5 min at 100°C by stirring

AgNWs solution concentration is increased three times more according to the
procedure. Glass surface coated with three layers by dipped in AgNWs solution for each
layer, 5 min waited stirred by magnetic stirrer after each layer of AQNW coating, surface
heated at 100°C for 5 min.
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Figure 3. 42: Optical Microscopy Images of three-layer AgNWs coated glass when the concentration
is increased by three times, waited inside AgNWs solution by stirring. After each coated AgNWs
layers, surface heated at 100°C during 5 min.

AgNWs solution concentration is increased three times more according to the
procedure. Glass surface coated with seven layers by dipping it into AgNWs solution for
each layer, 5 min waited when stirring by magnetic stirrer after each layer of AgQNW
coating, surface heated at 100°C for 5 min. When each layer of AQNW coating process
green/blue laser light applied. According to microscope images results, when we compare
the Figure 3.43 and 3.44 (A-C) and (B-D), laser irradiated area seems less coated with

AgNWs than nonirradiated area.
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Figure 3. 43: Microscope image of complementary DNA-functionalized glass surface and AgNWs
after laser irradiation. (A-C) irradiated area and (B-D) nonirradiated area with green laser.

i 500 pm l

P =

Figure 3. 44: Microscope image of complementary DNA-functionalized glass surface and AgNWs
after laser irradiation for. (A-C) irradiated area and (B-D) nonirradiated area with blue laser.
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Once we achieved acceptable levels of continuous film formation using AgNWs, we
are ready to analyze the relation of AQNWs and sheet resistance. We started our tests with
single layer AgNWs. In this sample the coating duration was 5 min. Sheet resistance
measurements taken from six different locations on the glass substrate show an average
sheet resistance of infinity Q with a standard deviation of ~ 0 Q. Then, we increased the
duration of the glass staying inside the AgNWs solution to 1.5 hours. The average sheet
resistance became infinity Q with a standard deviation of ~ 0 Q. After that we increased
the number of coatings AgNWs to three layers while keeping the substrate in AQNWs for
5 min. The average sheet resistance became infinity Q (+0 Q). Later at the same time, we
increased the concentration of AgNWs solution to double and number of coatings
AgNWs to seven layers while keeping the substrate in the AQNWSs solution for 5 min.
The resulting sheet resistance became infinity Q (+0 Q). Finally, we increased the
concentration of AgNWs solution three times and by keeping the glass in the AgNWs
solution for 1.5 hours. The resulting sheet resistance was infinity Q.

We observed first but very less conductivity for the sample coated by increased the
concentration of AgNWs solution to (74.8 mg/ml) and increased number of coatings to
three layers, by keeping the glass in the AgNWs solution for 5 min, for each cycle. Sheet
resistance of coated glass sample was measured as 114kQ (£55 kQ).

To achieve a better conductivity, we increased the concentration of AgQNWs solution
to (112.2 mg/ml) and increased number of coatings to two layers by keeping the glass in
AgNW solution having a temperature of 100°C. For each layer, the coating duration was
5 min. The measured sheet resistance became on average 31.6 MQ with a standard
deviation of ~77.5 MQ.

Then, we observed another conductivity behaviour for the sample coated by increased
the concentration of AgNWs solution to third times more (112.2 mg/ml) and increased
number of coatings AgNWs to three layers for each layer waited inside the AgNWs
solution for 5 min, stirred by magnetic stirrer. After each layer of AQNW coating, surface
heated at 100°C for 5 min. The measured sheet resistance became on average 413.1 kQ
with a standard deviation of ~833.21 kQ. Sheet resistance of coated glass sample

measured to understand conductivity by four-probe.
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Figure 3. 45: Illustration of measured sheet resistance of three layers AQNWs coated glass / when the
concentration is increased by three times, heated AgNWs solution at 100°C

We studied the development of conductive films whose morphology can be
controlled externally via laser irradiation. While we have obtained some promising results
concerning conductivity, further experimentation is necessary to fully understand and

enhance the control over AgNWs deposition on surfaces.
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Chapter 4

Conclusions and Future Prospects

4.1 Conclusions

This thesis elucidates the multifaceted capabilities of laser irradiation in arranging the
assembly dynamics of DNA-functionalized nanoparticles (NPs) and quantum dots (QDs).
In this study, we explore the utilization of laser irradiation to regulate the assembly and
disassembly dynamics of DNA-functionalized nanoparticles (NPs) within a solution.
Initially, we observe that the presence of complementary DNAs provides the formation
of gold nanoparticle (AuNP) networks at lower temperatures, yet this network diminishes
with increasing temperature of the medium. Through experimental investigation, we
demonstrate that laser irradiation effectively modulate the binding and unbinding
processes between DNA-functionalized AuNPs. The absorption of laser light by the
nanoparticles induces localized heating, thereby causing the separation of complementary
DNA s linking the colloidal particles. As a result, the network of the particles disassociates
as a response to the applied light. Importantly, the reversible nature of this process
underscores its reliance on localized heating rather than beam-induced nanoparticle
damage. We clearly observed the structural changes on the particle clusters upon laser
irradiation using optical microscopy images. Furthermore, we showed that using
externally applied light the optical transmission can be tailored. Our results enable
controlling the structure and the optical properties of particles that are self-assembled via
DNA-DNA interactions locally, paving the way for defining the structures of the particle
networks locally in three dimensions using an external effect. Our approach can also be
used to externally control the near-field interactions between the DNA-functionalized
nanoparticles.

Furthermore, our investigation extends to the application of laser-based self-assembly
techniques to govern the coating patterns of DNA-functionalized quantum dots (QDs) on
complementary DNA-functionalized substrates. Upon exposure to green laser irradiation,
red-emitting QDs exhibit a propensity to avoid binding with DNA-functionalized glass
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substrates, as evidenced by the emergence of dark spots under fluorescence microscopy.
Notably, we ascertain that energy densities exceeding 617 J/cm? are required to evoke
this effect. On the other hand, if the samples were irradiated with a red laser, the added
QDs would not absorb the light and hence lead to a homogeneous coating on the glass
substrate without any dark spot on the fluorescence microscope. Furthermore, when red-
emitting QDs were replaced by dielectric particles that do not absorb the green laser light,
these NPs were successfully coated onto the glass substrate. These results prove that local
heating of QDs due to the absorption of light is responsible for breaking the hydrogen
bonds of the DNA bases that connect two complementary DNAS on the substrate and the
NPs. We anticipate that the outcomes of our investigation will underpin the development
of a novel microfabrication paradigm predicated on the controlled self-assembly of
nanoparticles driven by DNA interactions, offering a sustainable and cost-effective
alternative to conventional micro/nano-fabrication methodologies. However,
optimization efforts such as laser power, laser light’s geometric distribution, pulsed vs.
continuous laser use, laser pulse duration, coherent vs. incoherent sources, salt
concentration, QD concentration, and temperature control of the surface during self-
assembly are crucial to enhance patterns with a high resolution and broaden applicability
across various domains, including electronics, optoelectronics, and photonics. Through
ongoing refinement, we envision widespread adoption of our technique, empowering

diverse applications requiring precise nanoparticle assembly control.

4.2 Societal Impact and Contribution to Global
Sustainability

The utilization of laser irradiation-based methodologies for the precise control of
nanoparticles and QDs assembly processes offers a transformative approach with
significant potential for societal impact, directly contributing to several of the United
Nations Sustainable Development Goals (SDGs). These techniques are particularly
valuable for reducing energy consumption in manufacturing, aligning with Goal 7
(Affordable and Clean Energy) by promoting more sustainable and affordable energy
sources. The energy efficiency of laser-based methods over traditional techniques
highlights their importance in fostering more sustainable production processes.
Furthermore, the ability to manipulate DNA-functionalized nanoparticles and QDs with
laser irradiation supports Goal 9 (Industry, Innovation, and Infrastructure) by driving
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technological innovation in micro and nanofabrication. This innovation is crucial for
advancing industries toward more sophisticated and precise manufacturing capabilities.
In addition to fostering innovation, integrating laser-based techniques into fabrication
processes supports Goal 12 (Responsible Consumption and Production) by promoting
resource-efficient and environmentally benign manufacturing practices. By minimizing
material waste and reducing the use of hazardous chemicals, these methods offer a more
responsible approach to production. Moreover, the selective detachment of QDs from
DNA-functionalized substrates using laser irradiation presents a sustainable and cost-
effective alternative to conventional, energy-intensive, and often environmentally
harmful fabrication methods. This not only reduces the carbon footprint of manufacturing
processes, supporting Goal 13 (Climate Action), but also contributes to the conservation
of terrestrial ecosystems and biodiversity by minimizing waste through DNA self-
assembly, compared to common microfabrication methods like lithography, aligning with
Goal 15 (Life on Land). The emphasis on optimizing laser-based DNA self-assembly
techniques further underscores the importance of collaboration and partnerships, aligning
with Goal 17 (Partnerships for the Goals). Through these partnerships, knowledge
sharing, and innovation are promoted, driving progress toward a more sustainable and
equitable future. Overall, adopting laser irradiation-based methodologies for the self-
assembly of nanoparticles, QDs, and surfaces fosters technological advancement and
contributes to achieving multiple SDGs by promoting sustainable and responsible
manufacturing practices, ultimately facilitating progress toward a more equitable and

environmentally sustainable future.

4.3 Future Prospects

Looking ahead, the fusion of laser irradiation-based techniques with nanoparticle and
quantum dot (QD) assembly processes holds promising future prospects for advancing
various fields and addressing emerging challenges. The demonstrated capability to
control the binding and unbinding dynamics of DNA-functionalized nanoparticles
through laser irradiation offers avenues for tailored manipulation of particle structures at
a local level, potentially revolutionizing the design and fabrication of advanced materials.
By leveraging externally applied light to tailor optical transmission, this thesis approach
not only enables precise control over particle structures but also opens doors to novel
applications such as biosensing, microcameras, photocatalysis, phototransistors leading
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to the implementation of our results in various fields including medicine, chemistry,
electronics, photonics, optoelectronics, and beyond. Moreover, the investigation into laser
irradiation-based self-assembly of DNA-functionalized QDs for substrate coating control
lays the groundwork for developing innovative micro/ nano fabrication technologies. The
potential to achieve homogeneous coatings through selective laser irradiation is
promising for enhancing fabrication processes' efficiency and sustainability, offering a
viable alternative to conventional methods. However, realizing these techniques' full
potential requires further optimization, encompassing parameters such as laser power,
distribution, pulse duration, and others. Addressing these optimization challenges is
crucial for achieving sharp patterns with high resolution, thus unlocking the widespread
adoption of laser-based assembly methodologies across diverse domains. Overall, the
integration of laser irradiation-based techniques into nanoparticle and QD assembly
processes heralds a future marked by enhanced precision, efficiency, and sustainability in
materials fabrication, with far-reaching implications for technological innovation and

societal advancement.
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