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Abstract of the Dissertation 
 

Engineering Multifunctional Nanoparticle Assemblies through DNA Guided 
Self-Assembly 

 
by 

Paniz Rahmani 
 

Doctor of Philosophy in Chemistry and Biochemistry 
 

University of California, Merced, 2023 
 
DNA nanotechnology is a rapidly evolving field that exploits the remarkable 

properties of DNA molecules to create complex and functional nanostructures. One of the 
key techniques in DNA nanotechnology is self-assembly, wherein DNA molecules are 
designed to interact and assemble into specific structures with precise control over their 
size, shape, and composition. This dissertation focuses on the self-assembly of plasmonic, 
fluorescent, and magnetic nanoparticles in both 2D and 3D using DNA as a programmable 
scaffold, and explores their applications in various areas, including biosensing and 
magnetic metamaterials. 

 
Chapter 1 provides a comprehensive overview of DNA nanotechnology, self-

assembly techniques, and DNA origami. The principles of DNA self-assembly are 
discussed, including the design rules for creating DNA nanostructures with precise control 
over their shape and size. The versatility of DNA as a programmable scaffold is 
highlighted, allowing for the assembly of diverse nanoparticles with unique functionalities. 
The chapter also discusses the fundamentals of DNA origami, a powerful technique that 
utilizes the folding of a long single-stranded DNA template to create complex 
nanostructures with high precision. 

 
In Chapter 2, a novel ligand exchange method is presented, which allows for the 

functionalization of quantum dots (QDs) with DNA to form self-assembled heterodimers. 
The heterodimers serve as probes for detection, with one QD acting as a reporter and the 
other AuNP (gold nanoparticle) as a quencher. The chapter elaborates on the design and 
fabrication of the QD-AuNP heterodimer. The changes in photoluminescence (PL) signals 
upon binding of the heterodimers to target DNA molecules are investigated. 
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Chapter 3 focuses on the application of the heterodimer probes in the development 
of a biosensor for nucleic acid detection. The biosensor is designed based on the change in 
PL signal upon target DNA binding, allowing for sensitive and selective detection. The 
chapter provides details on the fabrication and characterization of the biosensor, including 
the optimization of experimental parameters such as probe design and concentration, and 
target DNA concentration. The performance of the biosensor is also evaluated using 
different target DNA concentrations. The kinetics of the DNA displacement process in the 
biosensor are also investigated, shedding light on the dynamics of target DNA binding and 
release from the heterodimers. 

 
In Chapter 4, a novel method for the self-assembly of gold-coated magnetic 

nanoparticles in 3D using DNA as a scaffold is presented. The chapter discusses the 
fabrication of DNA-modified magnetic nanoparticles and their subsequent self-assembly 
into 3D structures by exploiting the programmable base-pairing interactions of DNA 
molecules. The chapter highlights the unique capabilities of this 3D self-assembly 
approach and discusses the future prospects and potential directions for further research in 
this area. 

 
In conclusion, this dissertation presents a comprehensive investigation into the use 

of DNA nanotechnology for the self-assembly of plasmonic, fluorescent, and magnetic 
nanoparticles in 2D and 3D. The methods and findings presented in this dissertation 
contribute to the advancement of DNA nanotechnology and demonstrate the potential of 
self-assembled nanostructures for various applications, including biosensing, nucleic acid 
detection, DNA data storage and magneto-plasmonic measurements. 
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Chapter 1:  

DNA Nanotechnology and Self-Assembly of 
Nanoparticles 
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1.1 Overview 
Nanotechnology is a field of science and engineering that deals with the design, 

production, and manipulation of materials and devices at the nanoscale level, typically with 
dimensions ranging from 1 to 100 nanometers. This field has the potential to revolutionize 
many areas of technology, including medicine, electronics, energy, and materials. The goal 
of nanotechnology is to control materials at the nanometer scale to achieve the 
miniaturization of devices and the exploration of new functions. It is a field of study 
comprised of two subfields: first, the fabrication and application of nanomaterials; and 
second, the investigation of the relationship between the physical characteristics of 
nanomaterials and their dimensions. 4 As a result, the field of nanotechnology is very 
multidisciplinary. It encompasses the fabrication of nanoparticles, self-assembly, 
molecular biology, organic and polymer chemistry, surface science, and optical, magnetic, 
and condensed matter physics. 

There are two main approaches to nanotechnology: bottom-up and top-down. The 
top-down approach to nanotechnology necessitates the shrinking of bulk materials to create 
nanostructures or surface patterns. A few examples include electron beam lithography (ref), 
which involves etching patterns into a material using a beam of electrons or ions, and 
chemical vapor deposition, which involves depositing a thin layer of material onto a 
substrate (ref). Other noteworthy examples include ball milling and photolithography (ref). 
One of the main advantages of a top-down approach is the ability to produce materials and 
devices on a large scale with a high degree of precision. This makes top-down approaches 
well-suited for the production of microelectronics and other industrial applications. 
However, top-down approaches can be limited by the high cost of equipment and the 
limited resolution of existing techniques. Additionally, the materials produced using top-
down approaches may have limitations in terms of their properties and functionality. 

Contrastingly, bottom-up approaches to nanotechnology start with molecules or 
atoms. They include self-assembly, which involves designing molecules that 
spontaneously organize themselves into a desired structure, and synthetic biology, which 
involves engineering biological systems to produce novel materials and devices. DNA 
nanotechnology is a prime example of a bottom-up approach, as it involves using the 
molecular properties of DNA to assemble complex structures and devices. The primary 
advantage of bottom-up approaches is the ability to create complex, three-dimensional 
structures with precision and control and engineer material functionalities at the molecular 
level. This allows for the creation of novel materials and devices with unique properties 
that cannot be achieved using traditional manufacturing techniques. Bottom-up approaches 
can be limited by the complexity of the molecular interactions involved as well as the 
difficulty of scaling up production. Additionally, the materials produced using bottom-up 
approaches may be less robust and stable than those produced using top-down approaches. 
In conclusion, both bottom-up and top-down approaches to nanotechnology have their own 
advantages and limitations. They are both used for nanofabrication and the study of 
nanomaterial properties. The choice of approach depends on the specific application and 
desired properties of the material or device being produced.  

Nanomaterials have a number of extraordinary remarkable qualities that are a direct 
result of their small size as well as the distinctive chemical and physical properties that 
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exist at the nanoscale level.5 Some of the most notable properties of nanomaterials are 
unique optical and mechanical properties, superior electrical conductivity, as well as their 
unique surface chemistry and high surface-to-bulk ratio which is mainly responsible for 
their high reactivity and enhances their ability to interact with other materials.  

In addition to a nanomaterial’s composition, the shape, size and its surface, in 
particular, play important roles in its chemical properties. The surface properties are crucial 
in the process of transforming the assembly of nanomaterials into superstructures. This is 
because the process relies on surface charge and surface ligand interactions. 6-9 Among all 
the techniques for assembling nanoparticles into superstructures7, 9 the DNA-mediated self-
assembly technique is one of the most powerful, in which the hybridization of surface DNA 
ligands can serve as bonds between nanoparticles. Due to the unique specificity of the 
Watson-Crick base pairing in DNA, Adenosine to Thymidine (A-T) and Guanosine to 
Cytidine (G-C), the strength, selectivity, and bond length could be modulated through the 
sequence design. 

Over the last ten years, DNA functionalization of nanoparticles has made it possible 
to bring these colloidal particles into proximity and make highly ordered structures with 
nanometer precision. 3, 5, 10-12 In colloidal nanostructures, the physical characteristics of the 
various building blocks are merged to display a collective behavior that is not apparent in 
the constituent parts. To make such nanoarchitectures for any purpose, stable DNA-
functionalized colloidal nanoparticles must be obtained, which remains a challenge in 
many cases. 13-16 In my dissertation, I aim to address some of these challenges and provide 
a number of possible solutions. Chapter 2 provides a solution for the surface 
functionalization of quantum dots (QD) with DNA and discusses how, combined with 
DNA self-assembly techniques, 2D nanostructures with optical characteristics could be 
made. Chapter 3 focuses on using such a structure to detect and design an optical-based 
DNA-assembly biosensor. Chapter 4 discusses the utilization of the DNA self-assembly 
technique to make a 3D superlattice of iron oxide magnetic nanoparticles. 
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Figure 1. Illustration of DNA base pairing and hybridization.  

1.1.1 Surface functionalization of nanoparticles with DNA 

Functionalizing the surface with an adapter ligand is the first step in self-assembling 
nanoparticles, which can facilitate self-assembly through interparticle interactions. Since 
DNA-based self-assembly techniques are the primary method for templated assembly of 
nanoparticles, this section focuses mostly on the DNA functionalization methodology. So 
far, DNA has been successfully used to functionalize a wide variety of nanoparticles, 
including gold, quantum dots, and iron oxide, which exhibit plasmonic, optical, and 
magnetic characteristics, respectively. 9, 17-19 Gold nanoparticles are the simplest 
nanomaterials to study in terms of chemistry, optics, biology, and self-assembly because 
of their simple fabrication, easy surface modification, and adjustable optical and plasmonic 
characteristics. The plasmonic properties of Au nanoparticles are created through the 
interaction of the gold nanoparticle’s surface electrons with incident light due to the 
combined influence of light absorption as well as the scattering on nanoparticles. The Mie 
theory predicts that, when the diameter of nanoparticles gets larger, both absorption and 
scattering values will rise. Absorption is the primary cause of extinction for particles 
smaller than 40 nm, while for larger diameters, scattering is more prominent. The 
extinction value is mostly influenced by scattering at sizes greater than 80 nm. The 
functionalization of gold nanoparticles not only increases their stability but also enables 
their practical applications, such as sensing.  
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The incorporation of thiol-modified DNA into nanoparticles is made possible by 
capitalizing on the strong covalent interaction that exists between thiol (-SH) and gold 
(Au), which has an adsorption energy of 40 kcal/mol. 1,20 Although surface 
functionalization is a relatively simple process, its effectiveness is dependent on a wide 
range of parameters and environmental circumstances. 21, 22 These include the careful 
design of the DNA ligand sequence, the pH of the reaction, the ratio of DNA to NP, and 
the concentration of salt and surfactants. For instance, the incorporation of surfactants like 
SDS, Tween, and Triton might stabilize the gold nanoparticles by generating an 
interdigitated bilayer structure in addition to exerting charge and steric stabilization. 22 This 
would be necessary in order to maintain an aggregation-free state for the nanoparticles. 
During the functionalization process, overcoming the electrostatic repulsion between the 
negatively charged DNA ligands is another important consideration. Although adding salt 
directly to screen charge repulsion is an option, this method is inapplicable to AuNPs for 
DNA attachment due to the problem of colloidal stability. Mirkin and his colleagues 
devised the salt-aging process in which the NaCl salt is gradually added to the reaction 
mixture and adjusted to a final concentration of ~0.5M.22 It is also common knowledge that 
various DNA bases have varying degrees of attraction to the surface, with the order of 
adsorption energy being as follows: A > C > G > T > Phosphate. 23, 24 Because of this, the 
DNA ligand that is utilized for this method is often engineered to include a poly T-tail in 
order to avoid surface adsorption.25, 26 

Quantum dots (QD), a nanoparticle with unique optical properties due to the 
quantum confinement effect, are commonly employed in biomedical research and 
bioimaging applications. These nanoparticles are often made using organometallic 
methods in organic solvents, making it more challenging to make them water-soluble so 
that they can interact with DNA ligands. This makes the DNA surface functionalization of 
these nanoparticles more challenging than that of gold nanoparticles. 27-29 Common 
methods for functionalizing these nanoparticles with DNA include surface ligand exchange 
with thiol or polyhistidine-modified DNA,19, 30 covalent coupling of DNA to QD surface 
ligands through EDC or miscellaneous covalent conjugation (MCC) 31, 32 and incorporation 
of a DNA ligand during synthesis. 33 Magnetic iron oxide nanoparticles are another 
category of nanoparticles that find widespread use in therapeutics, cancer therapy, drug 
delivery, and magnetic resonance imaging (MRI). Contrary to QDs, iron oxide 
nanoparticles may be produced by a wide variety of inorganic processes in both organic 
and aqueous conditions. Co-precipitation, microemulsion, thermal decomposition, 
solvothermal, microwave-aided, chemical vapor deposition, and combustion procedures 
are some examples of these methods; however, generally, only organometallic approaches 
at high temperatures might yield monodispersed nanoparticles. 34-40 Due to their strong 
magnetic and dipolar interactions, producing monodispersed nanoparticles is difficult. 
Because of this, they are often densely coated with capping agents, which makes DNA 
functionalization of these nanoparticles challenging. In recent years, a handful of 
technologies and techniques for the functionalization of DNA have surfaced, including the 
application of gold coating. 41 Azide R-N3 (R=silica, PMAO) surface ligand through Cu[I]-
catalyzed azide-alkyne Huisgen cycloadditions (CuAAC) click chemistry or DBCO-
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modified DNA, 42, 43 biotin-streptavidin chemistry, 44 and DNA-grafted poly (acrylic acid) 
(PAA-g-DNA). 45 

 

 
Figure 2.DNA functionalization of gold, quantum dot, and iron oxide nanoparticles.44, 46, 

47 

1.2 DNA-mediated self-assembly techniques 
The term "self-assembly" refers to a process used extensively in nanotechnology 

and describes the spontaneous arrangement of separate components into ordered structures. 
The process of self-assembly is affected by several different elements. To begin, the system 
that assembles itself may have a single sort of component or several different kinds. The 
components may interact with one another through a dynamic interplay of forces that are 
both attractive and repulsive to one another. The interactions between the components must 
adhere to two principles in order to build ordered structures: first, they must be weak 
enough to allow reversible binding, and second, they must be strong enough to resist the 
disruptive forces that impede assembly. Additionally, whether in a solution or on the 
surface, the environment for self-assembly needs to provide the necessary mobility of the 
components in order for them to successfully complete the process of self-assembly by 
self-adjusting their orientation. 48 

In colloidal nanoparticles, their interactions are governed by the ligands on their 
surfaces. 49 The ligands are necessary reactants in the wet-chemistry synthesis of colloidal 
nanoparticles. When the dimensions of a particle are downsized to the nanoscale, The 
effects of nanoparticles' small sizes become more noticeable. The surface atoms then 
become more unstable and reactive as a result of the particles beginning to have an elevated 
surface energy. One of the most essential roles that ligands play is to reduce surface energy 
through the introduction of steric or electrostatic repulsion as a means of preventing 
aggregation. Most significantly, if the surface ligands that are supplied have the appropriate 
binding interactions, then nanoparticles have the potential to spontaneously arrange 
themselves into particular assemblies. 50, 51 
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The self-assembly of nanoparticles allows for the transformation of amorphous 
aggregates into periodic and ordered geometries. Solitary nanoparticles and amorphous 
aggregates cannot compare to the various collective effects that can be exhibited by 
nanoparticles that are grouped in a periodic pattern. DNA-mediated self-assembly of 
nanoparticles can be categorized into two methods: first, direct self-assembly through 
surface ligand interactions, and second, DNA-templated self-assembly. 
 

1.1.2 DNA-mediated self-assembly via direct linkage 
Direct linkage organizes different components into specific structures using short 

DNA oligonucleotides as linker molecules. The DNA linkers are designed to have 
complementary sequences that can hybridize with specific regions on the surfaces of the 
components, enabling the components to be linked together in a specific way. The process 
of direct linkage typically involves several steps. First, the components to be assembled 
are modified with functional groups that can bind to the DNA linker molecules. Then, the 
DNA linkers are designed and synthesized with specific sequences that are complementary 
to the functional groups on the components. Next, the components and DNA linkers are 
mixed together in a solution, and the complementary sequences on the DNA linkers 
hybridize with the functional groups on the components, creating a stable linkage between 
the components. By designing the DNA linkers with different sequences and lengths, it is 
possible to control the overall structure of the assembled components. 52-54 Aside from 
hybridization of complementary strands of DNA, hydrogen bonds, coordination bonds, 
charge-charge interactions, and dipole-dipole interactions are some of the interactions that 
can be used for self-assembly. The distinguishing feature of these interactions is their non-
covalent nature. Under thermodynamic equilibrium conditions, the self-assembly process 
can be advanced by nanoparticles that have been functionalized with these molecular pairs. 
The continuous binding and unbinding of free species to precursors allows newly formed 
components to automatically change orientations and locations. An effective collision can 
take place only when new components link to existing ones through a predefined minimum 
threshold of cooperative non-covalent interactions. At some point in time, the system's free 
energy will be reduced to a minimum, and the self-assembly process will be accomplished. 
6, 48, 55 

 

 
Figure 3. hybridization of DNA complementary strands below the melting temperature 
can lead be used for organizing nanoparticles. 
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DNA is one type of ligand that has received a lot of attention as a possible way to 
introduce directed interactions to surface isotropic nanoparticles. The straightforward 
concept that complementary DNA strands will hybridize (Figure 3) and the ability to adjust 
the intensity of the hybridization reaction by temperature, strand length, and sequence 
make it possible to create extremely precise orthogonal interactions.  The production of 
densely packed, three-dimensional nanoparticle crystals may be the result of sequence-
based hybridization of oligonucleotides at the recognition sites. Figure 3 depicts a few 
examples of direct DNA-assisted self-assembly techniques to make ordered 2D and 3D 
structures. 

 

 
Figure 4. Direct DNA-mediated self-assembly of nanoparticles. a)construction of 
nanosatellites using polyvalent counterions56 b)Plasmonic isomers via DNA-based self-
assembly of gold nanoparticles57 c)Light-Mediated Directed Placement of Different DNA 
Sequences on Single Gold Nanoparticles58 d)nanoparticle superlattice engineering with 
DNA.59 

1.1.3 Binding to DNA templates 

DNA templated self-assembly is a technique that uses DNA as a template to organize 
various components or molecules into specific structures. This technique is based on the 
programmable base-pairing of DNA, where complementary strands of DNA bind together 
to form a stable double-stranded structure. The use of DNA as a template allows for precise 
control over the location and orientation of the assembled components. 1, 10, 60 
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The basic process of DNA templated self-assembly involves designing and 
synthesizing DNA strands with specific sequences that will serve as templates for 
assembling the different components. These DNA strands are typically modified with 
functional groups that can bind to the desired components, either directly or through linker 
molecules. Once the DNA templates and components are mixed together, the 
programmable base-pairing of DNA directs the assembly of the components into the 
desired structure. For example, if the DNA template is designed to form a particular shape, 
such as a cube or a tetrahedron, the components will assemble around the template to form 
that shape. 2, 61 

Once the DNA templates and components are mixed together, the programmable 
base-pairing of DNA directs the assembly of the components into the desired structure. For 
example, if the DNA template is designed to form a particular shape, such as a cube or a 
tetrahedron, the components will assemble around the template to form that shape.2, 61 This 
technique has the advantage of high precision and reproducibility, which can be difficult 
to achieve with other self-assembly methods. 62, 63 Furthermore, because DNA is a 
biocompatible material, it is frequently used in biomedical applications. One of the earliest 
attempts to utilize DNA as a framework to self-assemble diverse components was the 
crystallization of proteins using a pre-assembled DNA brand by Seeman et al. 64, 65 A few 
years later, the same group of researchers revealed what was essentially the first DNA cube 
construction in three dimensions. A new area of study, known as "structural DNA 
nanotechnology," was established as a result of a subsequent breakthrough that involved 
the utilization of unique DNA patterns to construct specific forms and assemblies. 66-68 
Over the last thirty years, DNA templated self-assembly has emerged as one of the most 
efficient techniques for assembling single DNA strands into complex objects that could be 
used for a variety of applications. The three main structures used in DNA self-assembly 
for DNA nanotechnology are DNA tiles, DNA origami, and bricks. 61, 69-71  

 
DNA-tile is an example of previous attempts in the field of DNA nanotechnology. 

72 Specifically, it performs an initial assembly of short DNA oligonucleotides into DNA-
tile structures that have a predetermined shape. Interactions between adjacent DNA tiles 
result in them being assembled into larger structures. Single-stranded DNA bricks are used 
to create complex structures directly from individual DNA strands. 73 This concept is quite 
comparable to the notion of DNA-tile-based assembly. DNA-origami is another well-
known DNA templated self-assembly method that involves folding a long single-stranded 
DNA scaffold of approximately 7K bases to construct a customized 2D or 3D nanosized 
structure on a scale ranging from a few tens to several hundred nanometers. Instead of 
using only short, single-stranded DNA oligonucleotides, this method makes use of the 
interactions between the various scaffold segments by using a large number of short 
oligonucleotides called "staples" to create the structures (Figure 3). 72-74 After the formation 
of the DNA template is complete, nanoparticles or any other desired components can be 
site-specifically assembled on predetermined locations of the template through Watson-
Crick base pairing between their surface DNA ligand and the capture strands on the 
template. Self-assembled structures of proteins and gold nanoparticles in 2D and 3D are 
shown in Figure 4. 
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Site-specific deposition of nanoparticles on prefabricated DNA nanostructures has 

distinct advantages over packing them into 3D lattices. First, the structural stiffness and 
connection are provided by the DNA template. On the DNA structures, nanoparticles are 
positioned in certain locations, as it is not required to have direct interactions between 
nanoparticles. Second, the size of the DNA templates determines how large an assembly 
of nanoparticles will be. Thirdly, the deposition of nanoparticles on DNA templates may 
generate additional driving forces, which in turn may cause the DNA templates to take on 
a variety of diverse forms. For instance, the placement of gold nanoparticles compels DNA 
tile-based structures to adopt a tubular structure due to the steric repulsion forces. 75, 76 On 
the one hand, DNA-templated self-assembly offers the assembly of nanoparticles more 
latitude. The same DNA structures may spontaneously host a variety of nanoparticle types. 
Alternately, high-quality large DNA templates are required for large-scale assembly of 
guest nanocomponents. The programmable creation of properly specified monomeric DNA 
templates and the precise regulation of the extent of interaction between monomers are 
now made possible by DNA self-assembly. 77, 78 
 

 
Figure 3. DNA origami folded scaffold into different shapes.72, 79 

1.1.4 DNA origami 
Scaffolded DNA origami, which represents the pinnacle of structural DNA 

nanotechnology, provides a unique approach for the precise control of site-specific and 
programmable self-assembly. 61, 72, 80 In 2004, the first use of this approach was 
demonstrated by William Shih’s group, which folded a long single-stranded DNA 
molecule with 1669 bases together with five oligonucleotides of 40 bases into the shape of 
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an octahedron with a 20-nm diameter. 81 In 2006, Rothemund et al. devised a 
straightforward and versatile strategy for fabricating 2-dimensional nanosized structures 
via directly folding a bacteriophage single-strand DNA of 7249 bases and employing more 
than 200 short ssDNA staples to keep the scaffold in place. This is referred to as a DNA 
template. William Shih et al. were later able to create more complex, three-dimensional, 
multi-layer DNA solid structures with precisely defined forms by extending this technique. 
61 

 
DNA origami has a number of advantages compared to other forms of self-

assembly. To begin, the fundamental design principles of scaffolded DNA origami have 
been extensively studied. It is quite likely that the cooperative assembly of one hundred 
short staple oligos or the synergistic function of these oligos causes the single-stranded 
DNA scaffold to conform to the predefined monomeric DNA nanostructures. The sequence 
of each staple strand as well as its place within that sequence have been precisely 
determined, which adds a programmability feature to the DNA self-assembly technique. 
Also, scaffold-guided assembly combined with a densely packed helix results in a rigid 
DNA structure. Furthermore, computer-aided design software such as caDNAno and 
CanDo is available to design arbitrary shapes. 82, 83 There are established design algorithms, 
84 standard annealing and purification protocols, 85 and characterization techniques for the 
design and folding of monomeric DNA origami structures. With the ability to form 
monomeric designer structures, these individual structures have the potential to be 
polymerized into larger structures and create macroscopic functional devices. 86, 87 

 



 

 

22 

 
  
Figure 4.DNA assisted self-assembly of nanoparticles and biomarkers. a)DNA assisted self-assembly of proteins1 b, 
c)DNA templated self-assembly of gold nanoparticles in 2D2, 3. d)programmable assembly of gold nanoparticles in 3D 
superlattices.5 
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The technique of designing DNA origami structures can be accomplished using the 
program caDNAno. 82 Initially, the intended shape is estimated by simply choosing the 
scaffold route. Since the vast majority of scaffold strands now consist of circular single-
stranded oligoes, the scaffold has to be linked together to form one continuous circular 
strand. Next, a DNA staple with typically 15 to 50 bases must be manually created from 
the staples. To sufficiently prevent aggregation caused by blunt ends stacking, the scaffold 
loop at the edge is left unfolded. The scaffold loop is a region of the single-stranded DNA 
molecule that is not involved in binding with any of the staple strands that will fold the 
DNA into the desired shape. Instead, it acts as a flexible region that allows the DNA 
origami structure to bend and twist into the desired shape without breaking or losing its 
stability. Finally, the data, including staple sequences and positions, is exported into an 
excel file, which can be used to order custom oligonucleotides.  

 

 
Figure 5. caDNano interface, example of the design of a DNA tile. 
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1.2 Conclusion and Outlook 
Bottom-up methodologies produce nanomaterials from smaller building blocks 

compared to top-down approaches. These methods also have the potential to create vast 
quantities of uniform nanostructures simultaneously and can be less expensive. 
Furthermore, unlike top-down approaches, bottom-up approaches, such as DNA-mediated 
self-assembly techniques, allow for precise, site-specific, and programable self-assembly 
of various components. However, in order to deposit these components (nanoparticles) on 
DNA templates, it is necessary to modify them with DNA ligands, which have 
complementary sequences for hybridization with strands on the DNA template. 

DNA functionalization of 10-30 nm spherical gold nanoparticles is fairly common 
in the case of gold nanoparticles,88 but it is difficult to functionalize gold nanoparticles of 
very small sizes, such as gold nanoclusters, very large nanoparticles (>50nm), or other 
shapes, such as gold nanorods. For magnetic nanoparticles, it is difficult to produce 
monodispersed DNA-functionalized nanoparticles due to the magnetic and dipolar 
interactions between the nanoparticles. For optically active nanoparticles such as quantum 
dots, surface defects, the types of materials used, and the purity of the precursors all have 
a significant impact on the optical properties of the nanoparticles, therefore optimum 
functionalization is required to preserve the optical properties of the nanoparticles. The 
process of self-assembling nanoparticles needs the alteration of the ligands. Surface 
imperfections brought on by ligand exchange may potentially alter the optical 
characteristics of nanoparticles. Low assembly yield or nanoparticle aggregations may also 
occur as a result of low initial ligand surface coverage or ligand desorption due to low bind 
energies of these ligands. Therefore, systematic research in the chemistry of ligands and 
nanoparticle surfaces is necessary to find solutions for these issues. The assembly of 
nanoparticles can benefit from a better knowledge of the association between a 
nanoparticle’s surface-ligand interaction and the ligand design. In the chapters that follow, 
some of these problems are analyzed in greater depth, and a few potential solutions are 
explored. 
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Chapter 2:  

One-Step Ligand Exchange Method to Produce 
Quantum Dot - DNA Conjugates for DNA Directed 

Self-Assembly 
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2.1 Abstract 
To address the difficulties of making bright, stable, and small DNA-functionalized 

quantum dots, we have developed a one-step ligand exchange method. Our method allows 
QD-DNA conjugates to be produced from commonly available hydrophobic quantum dots. 
We show that by systematically adjusting reaction conditions such as the ligand-to-
nanoparticle ratio, pH, and solvent composition, stable and highly photoluminescent water-
soluble DNA-QD conjugates with relatively high ligand loadings can be produced. 
Moreover, by site-specifically binding these QD-DNA conjugates to a DNA origami 
template, we demonstrate that these bioconjugates have sufficient colloidal stability for 
DNA-directed self-assembly. Fluorescence quenching by an adjacent gold nanoparticle 
was demonstrated. Our simple method can facilitate the assembly of QDs into more 
complex superlattices and discrete clusters that may enable novel photophysical properties. 
The schematic of a one-step cap exchange/phase transfer reaction for quantum dot 
nanoparticles can be seen in the figure below. On the left side, QD nanoparticles capped 
with Octadecyl Amine are initially dissolved in the organic phase (CH3Cl/DMSO). By 
adding the DNA ligands, and in the presence of NaOH as a base and TCEP as a reducing 
agent, the ligand exchange/phase transfer takes place. On the right, the QD nanoparticles 
that are capped with DNA move to the aqueous phase (H2O/DMSO). 
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2.2 Introduction 
2.2.1 Introduction to Quantum Dots  

Colloidal quantum dots are small fluorescent semiconductor nanoparticles (2–20 
nm) with size-dependent band gaps due to quantum confinement. As a result of this 3D 
confinement, quantum dots process unique electronic structures such as wider band gaps 
compared to bulk materials. The absorption of a photon leads to the excitation of electrons 
in the valance band into the conduction band. This excitation creates a hole in the valance 
band. The recombination of the holes and excited electrons triggers the emission of 
photons, which is called fluorescence. The size of the nanoparticle affects the band gap 
and, therefore, the wavelength of the emitted light, as is shown by the Brus equation. 
 

(1)                                      ∆E(r) = E!"# +
$!

%&!
	) '
("
* +	

'
($
* * 

 

In equation (1), E is the energy of emitted light; B is the energy of the band gap; h 
is Planck's constant; r is the radius of the QD; and M and S mass of the excited electron 
and excited hole, respectively. Based on this equation, as the size of the particle increases, 
the energy of the emitted light decreases, and therefore the wavelength of the emission is 
changed. Additionally, the shape and composition of the quantum dot also affect the energy 
states, making the electronic and optical properties highly tunable based on the size, shape, 
and composition. The correlation between the optical properties and the size of the 
quantum dots is shown in Figure 1. 
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Figure 6. correlation between the size of the quantum dots and their optical properties. 1. 

When QDs are assembled in specific geometrical arrangements, they may couple 
to enable novel collective properties such as super-radiance,3 energy transfer 4 and have 
potential applications in data storage,5 energy harvesting,6 to information processing.7,8 

Among numerous nanoparticle self-assembly methods, DNA-mediated self-assembly 
received considerable attention due to its ability to produce some of the most complex 
structures, including 1D, 2D, and 3D superlattices, as well as geometrically complex 
clusters. 8–10 To allow the information encoded in the DNA sequence to direct the self-
assembly of QDs, these nanoparticles must be conjugated with DNA ligands. QD-DNA 
conjugates are also bright, photostable, and wavelength-tunable emitters that are appealing 
for sensing and bioimaging. 11–13 

Even though synthesizing high-quality QDs directly in water is an active area of 
research, and so far, CdTe, ZnS, CdS, and HgTe QDs have been made in water.14–18 These 
methods often suffer from low photoluminescence quantum yield (PLQY) and broad size 
distribution. Therefore, QD-DNA conjugates are typically produced from hydrophobic 
ligand-capped QDs that are synthesized through an organometallic route,19–22 which 
ensures a narrow size distribution and high photoluminescence quantum yields. However, 
the conversion of such hydrophobic QDs into ones that are highly stable in aqueous buffers 
and have the smallest possible sizes remains challenging. 
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2.2.2 Bioconjugation of Quantum dots with DNA 
Making QDs water-soluble is doubtlessly a breakthrough towards their use in 

biomedical, technical, and biological fields. Unlike organic dyes, QDs have broad 
absorption and narrow emission spectra that are tunable with their size. To make the QDs 
soluble in water, many conjugation methods first encapsulate the hydrophobic QDs with a 
bifunctional coating, such as silica (Figure 2a) 23, amphiphilic polymers 24 (Figure 2b), or 
phospholipids containing aliphatic chains and polar head groups, and then link DNA to the 
coating. 25–27 While such coatings improve the stability of QDs in aqueous solutions, the 
increase in the shell thickness weakens the coupling between QDs and makes them 
undesirable for enabling emergent functions such as energy transfer. 28–30 

  

 
Figure 7. DNA functionalization of QDs with bifunctional coating, such as silica (a)23and amphiphilic polymers24(b). 

Alternatively, the hydrophobic ligands can be first replaced with small amphiphilic 
ligands such as DHLA or MPA that render the QDs water-soluble. 31 Dispersed in an 
aqueous solution, these QDs can then be conjugated with oligonucleotides through 
bioconjugation reactions such as amide coupling 18,32–34 (Figure 3a) or ligand exchange 
with polyhistidine-DNA or thiol-DNA (Figure 3b and Figure 3c). 12,35 While the coupling 
reactions and two-step cap exchange strategy produce QDs with smaller hydrodynamic 
sizes, the steric hindrance at the surface of the particles and low colloidal stability often 
limit the coupling efficiencies, making this method less suitable for many applications that 
require dense packing of DNA ligands, such as DNA-mediated self-assembly of 
superlattices36 and DNA origami-mediated self-assembly of clusters. 37–40 
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Figure 8.QD functionalization with DNA using bioconjugation reactions such as amide coupling (a) and ligand exchange 
with polyhistidine modified-DNA (b) or thiol modified-DNA (c). 

Lastly, QD-DNA conjugates can be produced by embedding the end part of the 
DNA ligands in a passivating shell (Figure 4). 37,41,42 While these QD-DNA conjugates 
have small sizes as well as excellent chemical and photophysical stability, wider adoption 
of this method is hindered by the requisite expertise in QD synthesis, a broad size 
distribution, the PL band, as well as reduced crystallinity. 43 Due to the difficulties in 
forming QD-DNA conjugates that are compact, stable, and have the smallest possible size, 
the reported successes in DNA-mediated self-assembly of QDs are notably more limited 
compared to those in DNA-mediated self-assembly of gold nanoparticles 44–47 which are 
more readily conjugated with DNA ligands 16,48–56 into a large variety of superlattices, 57 
as well as discrete clusters. 36, 45 
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Figure 9. QD-DNA conjugation by embedding the end part of the DNA ligands in a passivating shell. 41 

Here we report a one-pot ligand exchange/phase transfer process that uses 
hydrophobic QDs to produce QD-DNA conjugates that are compact, bright, and stable in 
aqueous solutions. We discovered that our ligand exchange process can directly replace the 
hydrophobic ligands on commercially available QDs with thiol-modified DNA and transfer 
the QDs into an aqueous phase. These DNA-conjugated QDs are as emissive as their 
hydrophobic counterparts. We demonstrate that these QD-DNA conjugates, possessing 
high colloidal stability, can site-specifically bind to DNA origami templates. Fluorescence 
quenching by an adjacent gold nanoparticle was also demonstrated. Our simple method, 
which can be readily carried out without expertise in QD synthesis, can facilitate the 
assembly of QDs into more complex superlattices and discrete clusters that may enable 
novel photophysical properties. 

 

2.3 Experimental Section 
2.3.1 DNA Preparation 

The disulfide bonds of an 18-nt (5' CA TGT TCA GCG TAA TTTT/(CH2)3SH 3’) 
modified oligonucleotide (from IDT DNA) were cleaved by mixing 100 mM of 
oligonucleotides with 100 mM tris(2-carboxyethyl) phosphine (TCEP) in a 1:600 ratio and 
left at room temperature overnight. The TCEP-reduced 18-nt DNA was purified with a 3K 
Da Amicon Ultra-0.5 Centrifugal Filter (Millipore Sigma, Burlington, MA, USA) twice at 
14000× g for 20 minutes, and the concentration was measured with a Thermo Scientific 
Nanodrop spectrophotometer. Then the solution mixture was replenished with 1 ml of 100 
mM TCEP. It is known that TCEP helps retain the photoluminescence by suppressing the 
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surface etching of the quantum dots. Then the mixture was diluted with Millipore water to 
minimize the chance of aggregation. 

 

2.3.2 Phase transfer/ligand exchange 
Octadecylamine-capped CdSe/ZnS QDs in a solid form (Sigma Aldrich, Product #: 

748080) were first dissolved in chloroform. The concentration was then measured using 
the extinction coefficient and absorbance. Previously reduced and purified 18-nt DNA (5' 
CA TGT TCA GCG TAA TTTT/(CH2)3SH 3’) was used for surface functionalization. To 
find the optimal condition for this reaction, reaction mixtures with DNA/QD molar ratios 
of 20, 80, 160, 320, 640 were prepared under the following conditions: reduced DNA-
TCEP mixture, 50 ml of dimethyl sulfoxide (DMSO), and 100 ml of chloroform were 
added to each vial, followed by the addition of the QDs (typically 2.44 mM). Due to slow 
evaporation during the reaction, chloroform was replenished during the phase transfer. A 
previous study48 has shown that zinc ions in the solution help to preserve the QD 
photoluminescence by passivating the electron surface/hole traps. 20, 22 Therefore, 9 ml of 
25 mM Zn(NO3)2 was added to the reaction to retain the photoluminescence. The mixtures 
were left on the vortex for at least 0.5 hr. before the addition of NaOH. This stepwise 
addition of NaOH is typically done at 1 hr. intervals and stops when the pH reaches around 
9.5-10. The final concentration of NaOH at which this pH is achieved is dependent on the 
amount of DNA. 
 

2.3.3 Preparation of DNA conjugated gold nanoparticles 
The salt-aging method developed by Mirkin et al. 46 was used to conjugate gold 

nanoparticles with DNA. Thiol-modified oligonucleotides of 18 nt (5'-GT AGT CGC AGA 
TTA TTTT/(CH2)3SH 3’) were treated with TCEP (600×) overnight to cleave the disulfide 
bond and purified with a 3KDa Amicon Ultra-0.5 Centrifugal Filter (Millipore Sigma, 
Burlington, MA, USA) twice at 14000× g for 20 minutes, and the concentration was 
measured with a NanoDropTM spectrophotometer. Then the oligonucleotides were mixed 
with 10 nm AuNPs at a molar ratio of 660:1. After adjusting the final concentration of SDS 
to 0.01% w/v, a 5 M NaCl solution was added to the mixture to gradually increase the final 
concentration of NaCl in the mixture to 0.3 M over the course of 3 hrs. The mixture was 
then purified using 100K Da Amicon Ultra-0.5 Centrifugal Filter 8 times at 14000× g for 
5 minutes. 

 

2.3.4 DNA origami formation 
The DNA origami tiles used in this study were designed with Cadnano 49 

(supporting information) and prepared using a previously published method. 50 M13mp18 
DNA (New England Biolabs) in 1× TAE-Mg2+ buffer (10 mM Tris base, 1 mM 
Ethylenediamine Tetra Acetic Acid (EDTA), 14 mM MgCl2) was mixed with a 100-fold 
excess of short staple strands and thermally annealed from 95 °C to 20 °C in a thermocycler 
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(BIO-RAD T100) at a rate of -1°C per minute. The folded DNA nanostructures were 
separated from excess DNA staple strands using a 50K Da Amicon Ultra-0.5 Centrifugal 
Filter. The filtration was performed at 3500× g for 2 minutes and five times. Each time, the 
solution was replenished with 1× TAE, and the final concentration of MgCl2 was adjusted 
to 10 mM. 
 

2.3.5 Self-assembly of nanoparticles on DNA origami 
To bind the DNA-conjugated gold nanoparticles and QDs to the DNA origami tile, 

we used a 2-step sequential annealing method. In the first step, the purified tiles were mixed 
with the prepared QD nanoparticles and were annealed to the tiles at a 2× equimolar 
concentration in 1× TAE buffer and 12.5 mM MgCl2. The annealing was performed in a 
thermocycler (Eppendorf) from 41 °C to 20 °C at a rate of 1 °C per minute. In order to 
remove unbound nanoparticles, two rounds of purification were performed using size 
exclusion spin columns (gel filtration purification method in SI). In the second step, 
purified AuNP-DNA conjugates were annealed to the previously made QD-tiles at a 2× 
equimolar concentration in 1× TAE buffer and 12.5 mM MgCl2. The annealing was 
performed in a thermocycler (BIO-RAD T100) starting at 41°C and slowly decreasing to 
20 °C at a rate of -1 °C per minute. The nanoparticle-DNA origami conjugates were then 
purified again with size exclusion spin columns twice before TEM imaging. 
 

2.3.6 Transmission electron microscopy 
Transmission electron microscopy (TEM) imaging of the DNA origami and QD–

DNA origami assemblies was carried out using a Talos F200C G2 transmission electron 
microscope operating at 200 kV in the UC Merced Imaging and Microscopy Facility. 
Typically, 4-5 ml of the sample was deposited onto an Argon plasma-treated 
formvar/carbon-coated (copper mesh) grid (Ted Pella, Inc., Redding, CA, USA; prod no. 
01753-f) for up to 5 min. The excess liquid was then blotted off, and the grid was washed 
and stained using a 2% aqueous uranyl formate solution and let dry overnight. 

 

2.3.7 pH Measurement 
pH measurements were done at room temperature using a microglass pH electrode 

(Fisher Scientific Accumet combination electrodes (13-620-851) and an Orion Star5 
thermoscientific pH meter. 
 

2.3.8 DLS Measurement 
All dynamic light scattering (DLS) experiments were performed using 

ZETASIZER NANO series S90 (Malvern Panalytical). Measurements were done using a 
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microvolume quartz cuvette (50 μL) using 632.8 nm laser, with 90° scattering angle at 
room temperature. 

 

2.3.9 Spectroscopic characterization 
Concentrations of DNA origami, thiol-modified DNA, unfunctionalized, and 

functionalized AuNP were determined using a NanoDropTM ND-1000 spectrophotometer 
(Thermo Fisher Scientific). UV-Vis spectra of unfunctionalized QDs were collected using 
a Perkin-Elmer Lambda 35 UV/Vis spectrophotometer with a 100 μL quartz cuvette. 
Fluorescence spectroscopy measurements were done using a HORIBA Instruments Inc. 
(FL-1000) spectrometer equipped with a thermoelectrically cooled BIUV Synapse CCD 
detector. Although the slit width and the integration time were varied to optimize the 
signals, identical slit widths and integration times were used for the same set of spectra. 
The fluorescence intensity of functionalized QD was measured using a 50 μL Quartz 
701MF sub-micro black fluorometer cuvette (Fireflysci), and the QD-Origami and QD-
Au-Origami samples were run using a HORIBA Microsense (1-5 μL cuvette). 

 

2.3.10 Agarose gel electrophoresis 
For DNA-functionalized nanoparticles, 0.5% agarose gels were prepared with 0.5× 

TBE buffer and were run for 40 minutes with 0.5× TBE buffer at 65 volts. For origami tiles 
and the annealed products, 1% agarose gels were prepared with 0.5× TBE/12mM MgCl2. 
The gels were stained with fluorescent SYBR Green I (10,000×, Invitrogen), and a blue 
loading dye (6×, NEB) was added to the sample solutions before gel electrophoresis. The 
running buffer for the tiles was 0.5× TBE with 5 mM MgCl2, and the gels were run for 1 
hour at 65 volts. 

 

2.3.11 Quantification of DNA surface ligands 
 To quantify the number of surface DNA ligands using fluorimetry, we used a Cy5-
modified oligonucleotide (Cy5-DNA) that has the same sequence as the unlabeled 
oligonucleotide. Ligand exchange with the fluorophore modified oligonucleotide was 
performed at 5 different DNA-to-QD molar ratios: 20, 80, 160, 320, and 640. After the 
completion of ligand exchange, the solutions were filtered through an ultrafiltration unit 
with 100 kDa to collect the DNA-functionalized QDs and remove excess unbound 
ssDNAs. Then the samples were treated with dithiothreitol (DTT) overnight and incubated 
at 40 °C to remove the ligands from the surface of the particles. The solutions were then 
spun down at 14000 × g to precipitate the QDs at the bottom of the test tube, and the 
supernatants were used for fluorimetry quantification. 

The molar concentrations of the Cy5-DNA in the supernatants were calculated from 
the fluorescence intensity maxima at 560 nm and a standard linear calibration curve, which 
was obtained with known concentrations of Cy5-DNA in the same buffer. The DNA 
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loading, i.e., the average number of ssDNA strands per QD, was obtained by dividing the 
measured concentration of fluorescent oligonucleotides by the concentration of the QDs. 

 

2.3.12 Purification of nanoparticle-DNA origami 
conjugates with gel filtration method 

The nanoparticle-DNA origami conjugates were purified using a previously 
reported size-exclusion spin-column-based method [1] with slight modifications. In short, 
the size exclusion Sepharose CL-4B resins (Sigma-Aldrich) were buffer exchanged by 
repetitive resuspension or pelleting in 0.5× TAE, 4mM MgCl2 six times (200 µL of crude 
resin was diluted to 1000 µL with 0.5× TAE and 4mM MgCl2 and spun at 800g for 3 min) 
and the resin was adjusted to a 50% v/v slurry. The resins were then loaded into empty spin 
columns (Thermo Scientific) and spun twice to fill the tube with the resin up to 80% 
volume.  Each time, the excess buffer in the resin was removed by spinning the columns at 
15 °C at 800g for 1 min. The crude nanoparticle-origami tile mixture was then subsequently 
passed through two spin columns (spun at 800 g for 3 min). 

  

2.3.13 Atomic Force microscopy imaging 
The DNA origami structures with nanoparticles were deposited onto a mica 

substrate in the presence of 5 mM NiAc2. All AFM images were collected in an imaging 
buffer containing 1X Tris-acetate-EDTA (TAE) buffer and 5 mM NiAc2 at room 
temperature. The AFM probes (Model SNL-10, Bruker Nano Inc., Santa Barbara, CA, 
U.S.A.) with a nominal spring constant of 0.35 (tip A) or 0.24 (tip C) N/m were used for 
intermittent contact mode imaging with an NTEGRA AFM (NT-MDT America, Tempe, 
AZ, U.S.A.). All images were collected using the Nova software (version 1.1.0.1903) at a 
scan rate of 0.7–1.3 Hz, a driving frequency of 13–15 kHz, and a driving amplitude of 30–
50 nm. 

 

2.3.14 Synthesis of dithiol-modified DNA 
The synthesis of dithiol-modified DNA was done in a two-step reaction: in the first 

step, the NHS ester of lipoic acid was synthesized and purified with recrystallization, and 
in the second step, the activated lipoic acid ester was reacted with amino-modified DNA. 
The method was adapted from Liu et al76, with slight modifications. 

 

2.3.15 Surface functionalization of Quantum dots with 
bidentate dithiol-modified DNA 

Functionalizing quantum dots (QDs) with dithiol DNA could be a more effective 
method than functionalizing with monothiol DNA for several reasons. Firstly, dithiol DNA 
has two thiol groups per molecule, while monothiol DNA only has one. Thiol groups can 
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form strong bonds with the surface of QDs, allowing the DNA to anchor more firmly to 
the QD surface. Secondly, dithiol DNA can form stronger and more stable bonds with the 
QD surface than monothiol DNA, which can result in more complete functionalization of 
the QD surface and fewer unbound or unfunctionalized QDs. The formation of two thiol 
bonds between the dithiol DNA and the QD surface can increase the stability of the 
functionalized QDs, making them less likely to degrade or detach from the surface over 
time. Furthermore, dithiol DNA is less susceptible to oxidation than monothiol DNA, 
which can cause the thiol groups to lose their ability to bind to the QD surface, leading to 
a decrease in the stability and functionality of the QD-DNA conjugate.  

 

 
Figure 10.synthesis of the dithiol-modified DNA mechanism. 

 

2.3.16 Synthesis of lipoic acid sulfo-NHS ester (activation) 
First, 2.6 mg of lipoic acid was dissolved in 2.3 ml of DMSO. Then, a solution of 

10.3 mg of sulfo-NHS in 85% DMSO and 15% H2O was prepared. Next, 4.3mg of EDC 
was added to the sulfoNHS solution. Finally, 220 μL of the sulfoNHS/EDC solution and 
230 μL of the lipoic acid solution were combined and stirred for one hour at 30°C. It is 
important to maintain the pH of the reaction at around 5 during the reaction. 

 

2.3.17 Dithiol modified DNA (conjugation) purification and 
Characterization 

The sulfo-NHS ester of lipoic acid was added in excess to (4.98 nmol) amine 
modified oligonucleotides at pH ~8. The reaction mixture was kept overnight at room 
temperature. The reaction mixture was first diluted with 14 ml of water and purified using 
a 15-ml Amicon ultrafiltration unit with 3 kDa MWCO and spun down twice at 10,000×g. 
Dithiol-modified oligonucleotides were further purified by reverse-phase HPLC (Agilent 
1100, Column type C18, Gradient 40 minutes, 5–25% Acetronitrile, Buffer A: TEAA (0.1 
M, pH 7), Buffer B: CH3CN). Fractions containing lipoic acid modified oligonucleotides 
were collected and resuspended in distilled water. The product was further characterized 
with LC-MS (Thermo Scientific: Q-Exactive Hybrid Quadrupole-Orbitrap coupled with 
Vanquish UHPLC) at UC Merced BMSF facilities. For the MS, 35 ml of 7.7 mM 
functionalized DNA and 5 ul of ammonium acetate 200 mM in negative mode were used, 
and the time of injection was 800 ms. 
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2.4 Results and Discussion 
 

 
Figure 11.Phase transfer of CdSe/ZnS quantum dots (QDs) from an organic phase (CHCl3 /DMSO,100 µl/50 µl, bottom) 
to an aqueous phase (79.6 µM of 16 nt. thiol modified DNA, 150 µl, top). Left: 0.398 µM QDs were dissolved in the 
organic phase. Right: after ligand exchange, the QDs were transferred to the aqueous phase. 

The direct conversion of such hydrophobic QDs into ones that are conjugated with 
hydrophilic DNA molecules is inherently challenging. Figure S1 shows that QDs dissolved 
in chloroform cannot be transferred to the aqueous phase containing DNA ligands. The 
hydrophobic QDs reside exclusively in the organic phase and the DNA in the aqueous 
phase. Therefore, it is difficult for the DNA to displace the ligands on the QDs. Even if a 
few DNA ligands were attached to the QDs, the DNA ligands would make the QDs 
unstable in the organic phase. At the same time, the QDs would remain too hydrophobic to 
be dispersed in the aqueous phase. To address this challenge, DMSO, which could dissolve 
both DNA and the octadecylamine ligands, was added. We found that in the presence of 
DMSO, these QDs migrated to the aqueous phase in as little as a few minutes (Figure 1), 
suggesting that hydrophilic DNAs were attached to the QDs, which made them soluble in 
the aqueous phase. Although the mechanistic details of the process remain to be fully 
explored, the likely roles for DMSO include increasing the solubility of DNA ligands in 
the organic phase and increasing the solubility of the QDs in the aqueous phase. Even if 
the DNA and hydrophobic QDs remain confined to their respective phases and initial 
ligand exchange of QDs takes place exclusively at the interface between the two phases, 
once an octadecylamine-capped QD is conjugated with one or a few DNA ligands, it could 
have sufficient hydrophilic characteristics to migrate to the aqueous phase, which contains 
DMSO that stabilizes the amphiphilic QD. Once such QDs are in the aqueous phase, ligand 
exchange would accelerate. With the initial success in ligand exchange, we studied how 
the DNA/QD molar ratio and addition of a strong base affected the size, stability, and 
photoluminescence of the QD-DNA conjugates. 

 

2.4.1 The roles of NaOH addition 
Previous reports suggested that the thiol groups needed to be deprotonated for facile 

binding to QDs. 51 As TCEP was added to prevent surface etching of the QDs, the pH of 
the as-prepared aqueous phase was about 3. At this pH, the thiol groups of the ssDNA 
ligands are protonated, making ligand exchange challenging. To promote the conjugation 
of thiol-modified oligonucleotides to the QDs, we added 200 mM NaOH to the aqueous 
phase in a dropwise fashion to increase the pH to 9–10, which is close to the pka of thiol-
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modified DNA. The effect of base addition was monitored with dynamic light scattering 
and fluorescence spectroscopy. Figure 2 shows that when ligand exchange was carried out 
at pH 5, the hydrodynamic sizes were in the range of hundreds of nanometers for both 
[DNA]/[QD] molar ratios, 320 and 640, suggesting significant agglomeration of these 
QDs. As more NaOH was added and the pH raised, the hydrodynamic sizes declined to 
tens of nanometers, indicating that the QDs became more dispersed. At higher pH values, 
more thiol-modified DNAs became deprotonated, and the ligand exchange with octadecyl 
amine was facilitated, diminishing the aggregation of the QDs. While this trend was 
observed for both [DNA]/[QD]=320 and [DNA]/[QD]=640 samples, the samples with 
more DNA showed smaller hydrodynamic sizes, suggesting that the DNA ligands at a 
higher concentration formed a denser DNA shell around the QDs and reduced aggregation. 

Fluorescence spectroscopy was also used to monitor the reaction progression. The 
fluorescence spectra of samples with different [DNA]/[QD]:160, 320, and 640 were 
measured at pH ~5, ~7 and ~9. As NaOH was added to the reaction mixture to increase the 
pH, the fluorescence of these QD-DNA conjugates was enhanced for all three molar ratios 
(Figure 2c).  

Another possible role of the NaOH addition in the ligand exchange reaction is 
raising the ionic strength. The repulsion between the negatively charged DNA ligands 
makes it difficult to conjugate DNA to nanoparticles at high surface densities. As the 
concentration of Na+ is increased in the solution, the electrostatic repulsion between the 
nanoparticles becomes stronger, allowing more DNA to bind to the QDs. This role is 
similar to the role that NaCl played in the salt aging method to functionalize gold 
nanoparticles with DNA, where the ionic strength is gradually increased to allow more 
DNA ligands to bind.

 Figure 12. Size distributions of octadecylamine-QDs as well as QD-DNA conjugates that were prepared under 
different pHs and two, (a)320 and (b) 640. (c) Peak fluorescence intensities (lmax= 560 nm) of the QD-DNA 
conjugates. 
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Evidence for this role is that the addition of base should be completed in a stepwise 
manner over the course of a few hours. Rapid addition of NaOH within a few minutes 
produced precipitates visible under UV light (Figure S2). While the electrostatic repulsion 
between DNA needs to be reduced for facile conjugation, QDs in the aqueous phase are 
stabilized by electrostatic repulsion. When the ionic strength is increased too quickly, the 
repulsive interactions between QDs that are not covered with enough DNA ligands may be 
reduced too quickly, leading to irreversible aggregation. Additionally, to understand the 
roles of pH and ionic strength, NaCl was used instead of NaOH in the ligand exchange 
process. Figure S6 shows that the resulting QDs were heavily aggregated, suggesting that 
a higher ionic strength alone is not sufficient to ensure facile ligand exchange with thiolated 
DNA. A sufficiently high pH is also important for successful conjugation of the 
hydrophobic QDs with thiolated DNA. 

 

2.4.2 The effect of DNA/QD molar ratio 
Figure 3a shows that the QDs were transferred to the aqueous phase at all 

[DNA]/[QD] ratios tested. Under UV illumination, the bottom organic layer no longer 
showed fluorescence. Instead, the fluorescence originated exclusively from the top aqueous 
layer. However, there are visible differences in the aqueous phase. The samples prepared 
at lower [DNA]/[QD] displayed lower fluorescence and were less uniform. Dynamic light 
scattering (DLS) was used to measure the hydrodynamic diameter of the QD-DNA 
conjugates prepared at different [DNA]/[QD] ratios (Figure 3c). The larger hydrodynamic 
sizes at smaller molar ratios suggest agglomeration at lower DNA concentrations. As the 
[DNA]/[QD] increased, the hydrodynamic sizes of the resulting QD-DNA conjugates 
declined. At 640× DNA, the size is 30 nm, which is close to 29 nm, and the calculated 
physical dimension of the QD-DNA conjugate is based on assuming the average length of 
a stretched single-stranded DNA ligand to be 10.8nm 52 and the diameter of the QD to be 
7 nm. As the scattered intensity scales with the hydrodynamic size to the sixth power, 53 
even a small fraction of larger aggregates could dominate the intensity distribution. 
Therefore, the observed size distribution shows that 640× DNA can form well-dispersed 
QD-DNA conjugates of the expected dimension with minimal aggregation. 

To further assess the efficiency of the phase transfer, the QDs transferred to the 
aqueous phase were characterized using agarose gel electrophoresis (1% agarose, 1× TAE 
(40 mM Tris base, 20 mM Acetic acid, 1 mM EDTA, 11 mM MgCl2 buffer; 6.5 V/cm for 
1.5 hr). The bands at the bottom correspond to the free DNA ligands, and the bands just 
below the wells correspond to QDs that are conjugated with DNA (Figure 3b). The lower 
mobility bands provide additional confirmation of the success of the ligand exchange 
reaction: unlike the QDs with the neutral hydrophobic ligands, the QDs functionalized with 
DNA are negatively charged and can migrate out of the wells. The faint band for the 20-
cm DNA sample suggests that the ligand exchange was incomplete and that many of the 
particles were trapped in the interface between the two phases rather than migrating to the 
aqueous phase. 
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Figure 13. (a)Phase transfer products for different molar ratios of DNA/QD at pH ~9.5-10. The image was captured 
under 302 nm UV illumination (b) Agarose gel image of QD-DNA conjugates formed at different [DNA]/[QD]. SYBR 
Green II was used to stain the ssDNA. (c) Hydrodynamic diameter of DNA functionalized QD with 3’ end poly T, thiol 
modified DNA with different [DNA]/[QD]. NaOH was added to all these samples to achieve a final pH of 9.5-10. 

We note that the measured hydrodynamic size does not monotonically decline with 
increasing [DNA]/[QD]. Specifically, the QD sample prepared with 20× DNA shows 
smaller hydrodynamic sizes compared to QD samples with 80× DNA and 160× DNA 
(Figure 3c). This anomaly may be understood by considering that at 20× DNA, most of the 
QDs were trapped at the organic/water interface, and only a small fraction of them 
successfully migrated to the aqueous phase (Figure 3a). The QDs that migrated to the 
aqueous phase were less agglomerated than QDs conjugated under 80× and 160× base 
DNA, which were able to transfer a higher fraction of the aggregated QDs to the aqueous 
phase. The trends shown in Figures 3b and 3c confirm that as the [DNA]/[QD] ratio 
increased, more QDs left the two-phase interface and got dispersed in the aqueous solution. 
The more ligands available for this transition, the less aggregation is obtained (Figure 3c). 
The mono-dispersity of the QD-DNA conjugates was also confirmed with transmission 
electron microscopy (TEM) (Figure 4). Our TEM measurements show that the average size 
of the QD-DNA conjugates, 8.4±1 nm, is virtually identical to that of the original 
hydrophobic QDs, 7.5±1 nm. 
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Figure 14. TEM image of (a),1-octadecylamine capped QDs and (c), their size distribution. TEM image of (b) QD-DNA 
conjugates (prepared with [DNA]/[QD]=640) and (d) their size distribution. 

While mono-dispersity is an important criterion for successful QD bioconjugation, 
the QDs must also retain photoluminescence after conjugation. Therefore, we measured 
the fluorescence spectra of the QDs conjugated under different conditions (Figure 5). Our 
measurements show that the higher overall [DNA]/[QD] ratios produce QD-DNA 
conjugates with higher photoluminescence. The lower photoluminescence with 20 nm 
DNA and 80 nm DNA is likely a consequence of the incomplete transfer of the 
nanoparticles to the aqueous phase at these lower DNA concentrations. As many of the 
QDs were not conjugated with enough DNA ligands to be water-soluble, they were trapped 
at the interface between two phases. Moreover, many of the QDs that were transferred to 
the aqueous phase were in aggregated form, further diminishing photoluminescence. The 
QDs that are conjugated with 640× DNA show the highest photoluminescence. Also, small 
red shifts in the peak emission up to 2-3 nm were observed in samples with lower DNA/QD 
ratios, such as 20 and 80 (Figure S5). As DLS is substantially more sensitive to aggregation 
than fluorescence spectroscopy,53 the lack of a significant red shift in emission for QDs 
prepared at low [DNA]/[QD] suggests that a relatively small fraction of QDs aggregated 
and fluorescence emission was dominated by isolated QDs. 
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The intensity of photoluminescence of the 640× DNA conjugated QDs is similar to 
that of octadecylamine-capped QDs at identical concentration, excitation wavelength, and 
excitation power, suggesting that they have similar quantum yields (Figure S14). 
Considering the different refractive indices of the solvents,54 the quantum yield of the DNA 
conjugated QDs is about 100±16% of that for octadecylamine-capped QDs. As the 
nanoparticles are protected by a denser layer of DNA ligands, aggregation and surface 
etching, which can diminish the emission, are minimized. Our observation is consistent 
with previous studies showing that when QDs are fully protected with the surface ligands, 
they are monodispersed, and their photoluminescence is preserved. 17, 36 We also note that 
the intensity does not strictly increase monotonically with increasing [DNA]/[QD]. In fact, 
160× DNA leads to a higher intensity than 320× DNA. While the trend remains to be fully 
understood, a similar trend was observed in a previous report, which suggests that certain 
forms of aggregation may lead to higher photoluminescence. 13 

 
Figure 15. Fluorescence spectra of QD-DNA conjugates excited at 470 nm. The samples with different [DNA]/[QD] 
ratios were prepared to have the same final QD concentrations as measured by UV-Vis. NaOH was gradually added to 
each of these samples to achieve a final pH of 9.5-10. 

 

2.4.3 Quantification of the DNA surface ligands 
The preceding section provides indirect evidence supporting the idea that more 

DNA ligands are attached to the QDs as the DNA/QD molar ratio used for ligand exchange 
increases. Direct quantification of the surface ligands is desirable for a better understanding 
of the ligand exchange process and for applications that require knowledge of the ligand 
surface density. Therefore, we used a Cy5-modified oligonucleotide (Cy5-DNA) that 
shared the same sequence as the dye-free DNA ligand to perform ligand exchange or phase 
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transfer. After the QD-Cy5-DNA conjugates were purified, the Cy5-DNA ligands were 
desorbed by the addition of DTT, separated from QDs using centrifugation, and quantified 
with fluorimetry using a method previously developed to quantify DNA loading on 
nanoparticles (Experimental Section). Figure 6 confirms that as more DNA is added for 
ligand exchange, the average number of bound DNA ligands per QD increases. With 20× 
thiolated DNA molecules, on average only 1.6±0.4 DNA molecules are attached to a QD. 
As a significant amount of octadecylamine remains on the QDs, such QDs display low 
stability. The significantly lower fluorescence of the 20× thiolated DNA in Figure 3b shows 
that a significant fraction of the QDs were trapped within the well. Future LC-MS 
experiments could help quantify the loading of the hydrophobic ligands on the QDs and 
provide additional insight into the ligand exchange process. For the 640× DNA, the DNA 
loading reaches 9.6±0.7. The trend tracks the increasing mono-dispersity and 
photoluminescence of these QD-DNA conjugates. The surface density of DNA on QD is 
calculated to be 0.062 molecules per nm2, which is somewhat lower than but still 
comparable to the typical DNA loading achieved for gold nanoparticles, 0.1 molecules per 
nm2. 46 

 

 
Figure 16. DNA loading as a function of [DNA]/[QD].  
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2.4.4 Co-assembly of QDs and gold nanoparticles on a DNA 
origami template 

The unique photophysical properties of QDs, such as tunable emission, wide 
bandgaps, and narrow emission wavelength ranges, make them valuable for energy transfer 
studies and biosensor designs. 21, 34 Since the energy transfer efficiency is distance-
dependent, it is important to precisely control the distance between the nanoparticles as 
well as the number of the interacting particles. DNA-nanoparticle conjugates can site-
specifically bind to self-assembled templates, such as DNA origami 55, 56 and DNA bricks. 
41 Captured strands on these templates can hybridize with DNA ligands on nanoparticles 
to arrange these nanoparticles in sophisticated arrangements with nanometer precision. 
While there have been a large number of studies that use DNA to direct the self-assembly 
of gold nanoparticles,56, 57 fewer analogous studies for QDs have been carried out due to 
the difficulty in forming QD-DNA conjugates with sufficient colloidal stability under high 
salt conditions, small sizes, and high photoluminescence. Among those studies, many of 
them relied on streptavidin-biotin interactions to bind streptavidin-conjugated QDs to 
biotinylated DNA templates. 58, 59 Unlike those that use base pairing, methods that rely on 
the streptavidin-biotin interaction lack the diversity of specific interactions that are needed 
to organize nanoparticles of different sizes, shapes, and compositions on the same template. 
To evaluate the utility of our method for DNA-directed self-assembly of QDs, we used 
DNA origami as a template to self-assemble a heterodimer that consists of a DNA-
conjugated gold nanoparticle and a DNA conjugated QD. 

The schematic of the DNA-directed self-assembly method is shown in Figure 7a. 
The capture strands at the designed locations on the DNA origami tile can bind the DNA 
functionalized nanoparticles on the tile, with a predicted center-to-center distance of 22 nm 
(Figure S15). The self-assembly product of this experiment was then characterized with 
TEM at 200 kV (Figure 7d) and agarose gel electrophoresis at 65 volts with 0.5× TAE and 
12 mM MgCl2 (Figure 7c). For the TEM imaging, Uranyl formate at 2% was used to stain 
the DNA origami for better resolution (Figure 7d). The rectangular shapes shown in the 
image are the DNA tiles with the two nanoparticles (QD and Au) annealed to them. The 
smaller particles correspond to QDs, and the larger ones correspond to Au nanoparticles. 
The measured center-to-center distance is 20±2 nm, which is close to the predicted distance 
of 22 nm. 68% of the DNA origami tiles have captured a nanoparticle dimer. 31% of the 
tiles captured a single nanoparticle. Additional TEM images are provided in Figure S11. 
AFM images of tiles with a QD and tiles with a heterodimer are included in Figures S12 
and S13, respectively. 
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Figure 17. (a) Schematic of annealing of nanoparticles to the origami tile. Binding of Au (dark yellow) and QD (green) 
onto DNA origami tile. Complementary strands on QD hybridize with capture strands on DNA tile. (b) Agarose gel image 
of functionalized nanoparticles and annealing products under 302 nm UV light. (c) Agarose gel image under white light 
illumination. (d)TEM image of self-assembled Au and QD on origami tile. Scale bar is 50 nm. 

In the AFM images, the QDs and AuNPs can be distinguished by their 
topographical heights. The QDs have an average height of 5 nm ± 2 nm, and the AuNPs 
have an average height of 12.2 nm ± 0.8 nm. Gel electrophoresis results in Figures 7b and 
7c confirm that both the QD and the AuNP successfully bound to the DNA origami tiles. 
The free QD-DNA conjugates (first lane from the left) run faster compared to QD-DNA 
conjugates that are annealed with the tile (second lane from the left, Figure 7b), suggesting 
successful binding of QDs to the DNA origami tile. A picture of the same gel was taken 
under white light illumination to better visualize the mobility of DNA-conjugated AuNPs 
compared to DNA conjugated AuNPs annealed to the tile (Figure 7c). The fourth lane 
shows the mobility of free AuNPs, and they run faster on the gel compared to AuNPs when 
annealed on the tile (the third lane from the right). The AuNPs in the third lane show two 
bands: the band on the bottom corresponds to free excess Au nanoparticles, and the band 
on top corresponds to the AuNPs pinned on the DNA origami tile. 

 

2.4.5 Application of QD-AuNP heterodimers for energy 
transfer studies 
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Figure 18. Schematic showing how addition of excess DNA ligand (a) causes displacement of AuNP (dark yellow) from 
the origami tile (b). 

Energy transfer between nanoparticles in close proximity is extremely sensitive to 
interparticle distances. 34 The use of DNA origami as a scaffold provides the ability for 
site-specific binding of nanoparticles. 7, 40, 60 Here we have performed a proof-of-principle 
experiment that used the self-assembled heterodimers for energy transfer studies and 
biosensor design. We designed a simple experiment to study how the binding of AuNP to 
the origami and its displacement affect the PL of the QDs (Figure 8). After dimer 
formation, excess ligands that are complementary to the capture strands for the AuNP were 
added to dissociate the AuNP from the DNA origami tile and consequently increase the 
distance between the QD and AuNP. Fluorescence spectra before and after the 
displacement were measured to study the effect of energy transfer. 
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Figure 19. (a) Agarose gel (1% with 0.5´ TBE/12 mM MgCl2 running buffer) left to right; DNA conjugated gold 
nanoparticles (AuNPs), displacement of AuNPs by adding excess ligand (AuNP displacement), Tile. (b)Quenching effect 
of AuNPs on QDs bound to DNA origami; PL of QD-Tile (red), Au-QD-Tile(blue) and Au-QD-Tile after addition of 
ligands to displace AuNPs (AuNP Displacement, dashed black). 

QDs and AuNPs were annealed to the DNA origami, respectively, to form the dimer 
structures, which were then purified using size exclusion spin columns 51 to remove 
unbound nanoparticles. The gel results in Figure 9a show that the nanoparticles were 
successfully bound to the origami tile (AuNP-QD-tiles): the top band lines up to the band 
for the tiles, and the bottom band shows the presence of excess unbound AuNPs. After 
adding the excess ligands at a concentration of 80 mM (520 times in excess relative to the 
amount of the origami tiles), the top red band disappeared (AuNP displacement), and the 
bottom band lined up with the band for unbound AuNPs on the left, showing that the AuNP 
dissociated from the tile. Lastly, in order to measure the quenching effect of AuNP on QD 
photoluminescence, the fluorescence intensities at 560 nm of QD-Tile, AuNP-QD-Tile, 
and tiles after displacement of AuNPs were measured at an excitation wavelength of 470 
nm (Figure 9b). A comparison of the red curve representing the tiles with a QD and the 
blue curve representing tiles with a heterodimer shows that when the AuNP is bound to the 
QD-tile, the PL at 560 nm decreases by 40%. After ligands were added to displace the gold 
nanoparticles (dotted curve, AuNP displacement), the PL intensity almost fully recovered 
(Figure 9b). Independent trials showed that after AuNP displacement, the fluorescence 
intensity is enhanced by 39±5% on average (Figure S14). 

The average surface-to-center distance between the AuNP and the QD increased 
from ~15 nm to a few hundred nanometers, which is too large to enable significant energy 
transfer. Therefore, these unbound AuNPs can no longer effectively quench the PL of the 
QDs. It should be noted that the PL near 525 nm is more complex. The QD-tiles sample 
has the highest PL intensity, and the other two samples have lower intensities. As the 
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wavelength is near the surface plasmon resonance of the AuNPs, factors contributing to 
the differences include direct absorption, surface quenching, and metal surface enhanced 
radiative decay. 61 While a more systematic study is needed to elucidate the complex trend, 
the results nevertheless have shown that our method produces QD-DNA conjugates with 
small sizes that make them suitable for energy transfer studies. And the increases in PL 
upon addition of DNA suggest that the heterodimer on DNA origami provides a signal 
transduction mechanism for detection of nucleic acids. 

 

2.4.6 Surface functionalization of Quantum dots with bidentate 
dithiol-modified DNA 

Functionalizing quantum dots (QDs) with dithiol DNA could be a more effective 
method than functionalizing with monothiol DNA for several reasons. Firstly, dithiol DNA 
has two thiol groups per molecule, while monothiol DNA only has one. Thiol groups can 
form strong bonds with the surface of QDs, allowing the DNA to anchor more firmly to 
the QD surface. Secondly, dithiol DNA can form stronger, more stable bonds with the QD 
surface than monothiol DNA, which results in more complete functionalization of the QD 
surface and fewer unbound or unfunctionalized QDs. The formation of two thiol bonds 
between the dithiol DNA and the QD surface can increase the stability of the functionalized 
QDs, making them less likely to degrade or detach from the surface over time. Furthermore, 
dithiol DNA is less susceptible to oxidation than monothiol DNA, which can cause the 
thiol groups to lose their ability to bind to the QD surface, leading to a decrease in the 
stability and functionality of the QD-DNA conjugate. HPLC (high-performance liquid 
chromatography) and LC-MS (liquid chromatography-mass spectrometry) are commonly 
used analytical techniques for characterizing dithiol-modified DNA. HPLC is a powerful 
tool for separating and purifying different components of a mixture, including DNA 
molecules with different sizes, conformations, and modifications.  

Dithiol-modified DNA can be separated from unmodified DNA or other by-
products using HPLC based on differences in their physicochemical properties such as 
hydrophobicity and molecular weight. The isolated fractions can then be analyzed by LC-
MS to confirm the presence of the desired product and determine its mass and purity. LC-
MS is particularly useful for detecting small amounts of modified DNA, as it can provide 
information on the molecular weight and composition of the molecule. The technique can 
also be used to identify the presence of any adducts or contaminants that may be present in 
the sample. Overall, HPLC and LC-MS can be used in combination to provide detailed 
information on the size, purity, and composition of dithiol-modified DNA, making them 
valuable tools for the characterization of such molecules. 
 

 
Figure 20.synthesis of the dithiol-modified DNA mechanism. 
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Using the method described before, we obtained an overall yield of 75%, which 
was calculated using a calibration curve of the HPLC peak area and the use of unreacted 
DNA as a control. The HPLC spectra in Figure 21 show that the unfunctionalized DNA 
(amino-DNA) is eluted off the column at a retention time of 21 min, while the 
functionalized DNA product (dithiol DNA) is eluted later at 26 min. The LC-MS of the 
reactant (unfunctionalized) and product (functionalized) DNAs are shown below in figure 
16. The peak at 9274.2 g/mol corresponds to the functionalized DNA after the amide 
coupling, and the peak at 9085.9 g/mol corresponds to the unfunctionalized DNA that was 
characterized as a control. The peaks that show up at lower molecular weights are salt 
adducts and fragmented DNA peaks. 

 

 
Figure 21.Reversed phase HPLC spectra of the modified DNA. Unfunctionalized DNA was ran on the column as a control 
(black spectra), the functionalized DNA (red spectra) shows a slight unreacted DNA (at t21) and the final product at t26. 
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2.4.7 Cap exchange of Quantum dot nanoparticles using 
dithiol-modified DNA 

The procedure for exchanging caps on QDs using dithiol-modified DNA is the 
same as the one used with monothiol-modified DNA. Figure 17.b demonstrates that the 
QDs were successfully transferred from the organic layer (at the bottom) to the aqueous 
layer (at the top). A mixture of monothiol-modified DNA-QD was made as a control. Gel 
electrophoresis is another method that can be used to characterize DNA-QDs after the cap 
exchange has been completed. Figure 17.a demonstrates that following the cap exchange, 
functionalized QD nanoparticles pass across a 1% agarose gel. Additionally, the band is 
clear and distinct, which is an indicator that the ligand exchange was effective.

Figure 22. ESI-Mass spectrometry of functionalized DNA (9274.2g/mole) and unfunctionalized DNA as a control 
experiment (9085.9g/mole) 
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2.5 Conclusion and Outlook 

We have shown that our one-step ligand exchange method can form compact, 
monodisperse, and bright QD-DNA conjugates from commonly available hydrophobic 
quantum dots. These QD-DNA conjugates have sufficient colloidal stability to bind to a 
DNA origami template at prescribed separations from a gold nanoparticle, enabling 
investigation of energy transfer between QDs and AuNPs. This study focused on two key 
parameters, pH and [DNA]/[QD]. Our simple method can be extended to other QDs with 
different hydrophobic ligands and compositions. Multidentate ligands that bind to QDs 
more strongly may be used to further enhance the stability of these QD-DNA conjugates. 
62, 63 Like other ligand exchange methods,23 our method requires a relatively large excess 
of DNA ligands to achieve high DNA loading on the QDs. Future studies that 
systematically explore the effects of QD composition, size, length of DNA, reaction time, 
and stronger binding groups such as dithiols would provide additional insights into the 
ligand exchange process and increase its efficiency. 

With further optimizations, our designer nanostructures may serve as a signal-on 
sensor for ultra-sensitive detection of nucleic acids and other biomarkers 64 as the PL signal 
can report the presence of nucleic acids or other biomarkers that displace the AuNPs from 
the DNA origami tile (Figure 7). The sensitivity may be substantially enhanced by 
improving the quenching efficiency of the heterodimers and introducing a toehold to 
accelerate strand displacement. 65 In addition to forming simple dimer structures, these 
QD-DNA conjugates may be assembled into superlattices as well as complex clusters with 
novel emergent properties. Therefore, this approach has the potential to make QDs more 
ubiquitous components in DNA-mediated self-assembly. 

Figure 23. (a) Agarose gel (1% with 0.5´ TBE/12 mM MgCl2 running buffer) of functionalized QDs with dithiol-modified QDs. 
(b)phase transfer of DNA-QD conjugates, with monothiol DNA (left) as a control, dithiol DNA (right). 
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2.6 Appendix 
 

 
Figure S1. Ligand exchange without DMSO. The bottom phase contained CdSe/ZnS QDs dissolved in chloroform (bottom 
phase) and the top phase contained DNA ligands dissolved in water (top phase). Reaction conditions: [DNA]/[QD]=640 
and final pH=9.5-10. The CdSe/ZnS QDs stayed within the organic phase, showing that ligand exchange/phase transfer 
was unsuccessful without DMSO in the reaction mixture. 

 

 
Figure S2. Ligand exchange with rapid addition of NaOH. Reaction conditions: [DNA]/[QD]=640, final pH=9.5-10. 
Aggregates are visible under UV light at 302 nm. 
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Figure S3. DLS hydrodynamic size distributions of QDs from two independent DNA conjugation trials that increased the 
concentration of NaCl in a step wise fashion.  The concentration of NaCl was increased to a final value of 20 mM at 
[DNA]/[QD]=640.  

 

 
Figure S4. DLS hydrodynamic size distributions of QDs conjugated with the poly A DNA ligands (5' CA TGT TCA GCG 
TAA AAAA/(CH2)3SH 3’) at different [DNA]/[QD]: (a) no DNA, (b) 20, (c) 80, (d) 160, (e) 320, (f) 640. 

 



 

 

61 

 
Figure S5. Fluorescence spectra of the QD-DNA conjugates prepared with different [DNA]/[QD] ratios. (a)Spectra of 
QDs conjugated with regular DNA ligands (5' CA TGT TCA GCG TAA TTTT/(CH2)3SH 3’) showing a maximum red 
shift of 2.0±0.9 nm. (b)Spectra of QDs conjugated with poly A DNA (5' CA TGT TCA GCG TAA AAAA /(CH2)3SH 3’) 
showing a maximum red shift of 2.7±1.3 nm. To visualize the shift in the emission peak with respect to that of the reference 
([DNA]/[QD]=640), the peak intensities were normalized. The red shift is more pronounced for lower [DNA]/[QD] and 
there is an overlap in the spectra of [DNA]/[QD] :20(black), 80(orange) and 160 (green) in both (a)and (b).  

 
Figure S6. Fluorescence spectra of as received, hydrophobic QDs in CHCl3 and DNA-conjugated QDs at 
[DNA]/[QD]=640 in H2O from three independent trials. The QD concentration was 0.4µM. Excitation wavelength: 470 
nm. Slit width: 5 nm. Integration time: 0.2 s. 
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Figure S7. Fluorescence spectra of QD-DNA conjugates that were prepared with different amounts of Zn(NO3)2. The 
total volume of the aqueous phase was kept constant at 150 µl. 

 

 
Figure S8. Agarose gel (1%) image of QD-tile annealing product (left) and DNA origami tiles (right). The QD-tile band 
has a lower mobility than the tile band. Moreover, the QD-tile band has a different color due to emission from the QDs. 
This high-resolution gel image was achieved by increasing the concentrations of the reactants by 5X and concentrating 
the product with a spin filter. 
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Figure S9.TEM image of the DNA origami tiles without nanoparticles using 2% Uranyl Formate stain. 

 

 
Figure S10. TEM images of QDs on DNA origami using 2% Uranyl Formate stain. 
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Figure S11.TEM images of AuNP-QD heterodimers on DNA origami using 2% Uranyl Formate stain. Yield of dimer 
formation is approximately 68%. 
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Figure S12. Representative Intermittent contact mode AFM images and cross-sectional profiles of QD-Tiles in a 5mM 
NiAc2 and 1X Tris Acetate EDTA buffer. The average height of these QDs is 5±2 nm. Scale bar is 50 nm. 

 

 
Figure S13. Intermittent contact mode AFM images of Au-QD-Tiles in a 5mM NiAc2 and 1X Tris Acetate EDTA buffer. 
The average height of AuNP is measured to be 12.3 ±0.8 nm. Scale bar is 50 nm. 

 
We discovered that QDs and AuNPs have different topographical heights in AFM. 

QDs on the tiles were resolved as protrusions that are 5±2 nm high. The AuNPs were 
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resolved as protrusions that are 12.3±0.8 nm high. AFM was unable to resolve features 
associated with QDs when a QD and an AuNP are co-assembled on the DNA origami. As 
the AuNPs are notably taller than QDs, the features associated with QDs are obscured by 
the topographical features of the AuNPs in close proximity due to the tip convolution 
artifact. [2]  

 

 
Figure S14. Fluorescence spectra of Au-QD-Tile(black) and Au-QD-Tile after addition of ligands to displace 
AuNPs(AuNP Displacement, red) from three independent trials. The fluorescence intensity increases by 39±5 % on 
average after ligand addition. 

 

 
Figure S15. DNA origami design and approximate locations of AuNP and QD on the origami tile. 

 

Sequence of capture strands: 5’ to 3’ 
 

Capture Strands for QD: 
TTACGCTGAACATGTTGT AGT AAC CTG ACG AGA AAC ACG TTT AAC G 
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TTACGCTGAACATGTTAAATCCAAAGAAAATAGCAGCCTTTGAAGGAAA 
TTACGCTGAACATGTTCCGCACTCCGTAGGAATCATTACCTTTATCCC 

 
Capture Strands for AuNP: 

TAATCTGCGACTACTTAGTAGCATACAT TTCGCAAATGGTAGGTCAGG 
TAATCTGCGACTACTTTGATAAATGAGTAATGTGTAGGTACTAATAGT 

TAATCTGCGACTACTTAAAGATTAGTACCTTTAATTGCTCAGTTTGAC 
 

Sequence of unmodified staples: 5’ to 3’ 
 

1 GCTTAGATATTTTAGTTAATTTCAAGCCTGTT 
2 AAAGTAATTATGCGTTATACAAATAAACTTTT 

3 TGGCCCTGAGAGAGTTGCAGCAAGTGGGGTGC 
4 AGGCTTGCATTGGGCTTGAGATGGCAACACTA 

5 CATTCAACGATAGCGTCCAATACTCCTGACTA 
6 AACGAGCGTAACTGAACACCCTGACAATAGCT 

7 TCAAAAATTAAGAAACGATTTTTTCAGAACGA 
8 GTTAATGCCCCCTGCCTATTTCGCAGGAGGT 

9 GTTTCCATGAACCGAACTGACCAAGACCAGGC 
10 TCATAAGGTAAACGGGTAAAATACAAGACAGC 

11 CTTCTGGTTTCAGGCTGCGCAACTGAAATTGT 
12 AATAACATATAAACAGCCATATTAGCGCCCAA 

13 CATGGTCATGAGCTAACTCACATTTCACCGCC 
14 ATCGGAACCTCCAAAAAAAAGGCTTTCAACAG 

15 GACACCACAGAAACAATGAAATAGACAAAGTC 
16 CAACGTAATCATTGTGAATTACCACGCCAAA 

17 GGTTTAATCAATATATGTGAGTAATTAATT 
18 CACCAGAGCCTCAGAGCCGCCACCGACAGCCC 

19 TTCGCCAGCCGGAAACCAGGCAAAATCTAA 
20 GAGGCTTGTGAATTTCTTAAACAGAGTTTTGT 

21 TAGCAAGCCAAGAACGGGTATTAAGAGCCAGT 
22 AGTTTTGCCGAGGCATAGTAAGAGTTTAATTT 
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23
 TACATAAACGTCAGATGAATATACAAGGGTTAGAACCTACAGTATTAG 

24 ATTGCAATAAAAGGGACATTCTGTGAGGCG 
25 TATAACTATAACCTCCGGCTTAGGGGCGCGAG 

26 GCCACCACCCGCCGCCAGCATTGAGAACCTAT 
27 AAAGATTCTATTCATTGAATCCCCGAATGACC 

28 CAATTCTGAGAATTAGCAAAATTAAAGGATAA 
29 AGAAACCATAAGAACGCGAGGCGTCCAACGCT 

30 TAGTATCATCTGTCCAGACGACGAGAGCATGT 
31 TTATTTACTGACGCTCAATCGTCTCATACGAG 

32 TGAGTAGGCACAGACAATATTTGATAGCCC 
33 TATCCGCTCATAAAGTGTAAAGCCCGGTCCAC 

34 CCGGAAGCACAATTCCACACAAGAAATGGA 
35 CAGATAGTAGCAAACGTAGAAAAAATTATT 

36 TTCCCTTTAATGGTTTGAAATAAATAAACA 
37 ATCGCAAGATCAAAATCATAGGTCACAAACAT 

38 TCATAGTCTGTAGCATTCCACAAGAACCAC 
39 AACCAAACTCGTTTACCAGACGCCGTTTTT 

40 AGCCGCCGTCAGACGATTGGCCTATAAACA 
41 GGGCGATCACTCCAGCCAGCTTTCCAAAAATA 

42 CCGAGGAAGCATGATTAAGACTCCCACCGACT 
43 TCATAACCATAGCGAGAGGCTTTTACTTCAAA 

44 CTAATGAGTAGCTGTTTCCTGTGTGTTGGGAA 
45 CCGTAACACAGACGTTAGTAAATGCAGCTTGC 

46 AAAGACATCAGACTGTAGCGCGATTAGCGT 
47 AGTAGCATACATTTCGCAAATGGTAGGTCAGG 

48 TTGCCATGCAGTCTCTGAATTTATGATACA 
49 TGGAAGTTAGCATAAAGCTAAATCTACTTTTG 

50 CCTGTCGTCATGCCTGCAGGTCGACTGCAAGG 
51 ATTTTGCGTCATCATATTCCTGATAGTTACAA 

52 TGATAAATGAGTAATGTGTAGGTACTAATAGT 
53 CATTAAACCAATGAAACCATCGTCCCTCAG 
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54 TGAGGCAGACCCTCAGAACCGCCAAAGGCCGG 
55 GCTGGTTTGCCCCAGCAGGCGAAGGAGCTAA 

56 AATTGTGTATACACTAAAACACTCCGGTCGCT 
57 AACAGTTGAGAAGATAAAACAGAGGGCCAACA 

58 TTATAGTCCATTTTTGCGGATGGCTTGATTCC 
59 GGTTTTGCTCAGTACCAGGCGGATCCCATGTA 

60 AAGAACTGACGCAATAATAACGGAGAAACAAA 
61 CCAGACCTTTAATTCGAGCTTCCGCCAACA 

62 GTATGGGCAAGCCCAATAGGAAAAGTGCCG 
63 TGGTAATAACCCTTCTGACCTGAACGAACGAA 

64 CACCATCAGAAAGGCCGGAGACTTTCAATT 
65 TATTAATTTCATCAATATAATCTAACGGAT 

66 CGTCTTTCCTGAGTTTCGTCACCAATTAGCGG 
67 GACAACTCTACTTCTGAATAATGGAGTAACAG 

68 ACAGGAGGCCGATTAAAGGGATTTGGAAATAC 
69 TTGAGAGAGAACCCTCATATATATACAGGC 
70

 TATCGCGTGGAAGCAAACTCCAACCAATAACCTGTTTAGCGGTGGCAT 

71 AATAATAACTTGCGGGAGGTTTGCACCCAG 
72 GGCGCCAGGGTGGTTTTTCTTTTCTCGGGAAA 

73 ATAAATCAGAATATAATGCTGTAGACGGTGTC 
74 TACCTTTTAATTACCTTTTTTAATTAGCGATA 

75 TGTCCATCACGCAAATTAACCGTCACTTGCC 
76 CCCAAAAATTAAATGTGAGCGAGTCTGCCAGT 

77 ATTAGAGAAGAGGAAGCCCGAAAGGCAAAAGA 
78 TTTCAGCGCTCAGAGCCACCACCCGCCCGGAA 

79 AAGAGGTAGAAGCAAAGCGGATAAAATGTT 
80 CGCCCACGCGCCGACAATGACAGCAAAATC 

81 AGCATCACGCCAGCAGCAAATGAAAAGCGCCA 
82 AGCAGCGAGTAATGCCACTACGAACCGGAACG 

83 CGGAATTAGAACAAAGAAACCACCCAGCTCAT 
84 CATTAGATTAACATCCAATAAATCTTTAAATG 
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85 GGGAGAATTCTTTCCAGAGCCTAAGGCTTATC 
86 TACAACGCTAGCGTAACGATCTAACTTGATAC 

87 GTCATAAAATCAGTTGAGATTTAGCAGTCAGG 
88 AACATGTTCATAATTACTAGAAAATCTTCTGA 

89 TACTTAGGGCACCAACCTAAAAGCTTTTGC 
90 TGGAAAGCCTTTTCATAATCAAAAAAGTTTGC 

91 GTATAAAAATATAAAGTACCGACTTTCCTT 
92

 AAAAATACAGCGTAAGAATACGTGAAGAACTCAAACTATCAAAGAGT
C 

93 GCATAGGCAAGAAAAATCTACGTTACAGGTAG 
94 CGGGAGAAGTCTGGAGCAAACAAGCATGTCAA 

95 TATAATCAGTGAGGCCACCGAGTAGGCCTTGC 
96 TTGGATTAGTATTAAATCCTTTGCGGCAAATC 

97 CAAGAAAAATTGCTTTGAATACCATATCAGAT 
98 GTCAGTAAATATCTGGTCAGTTCCGAACGT 

99 ACCAGTAACAGGAAAAACGCTCATTAGACAGG 
100 CAGTGCCTTGAGTAACAGTGCCCGTTGATATT 

101 GGGATCGATTGTATCGGTTTATAATTTTCT 
102 GATCCCCGACTGCCCGCTTTCCAGACCAGTGA 

103 GTCGGATTACCCCGGTTGATAATCAGGTCATT 
104 AATAAGAGGCCAACGCTCAACAGTCAAATCCA 

105 TATTCTGAAACATGAAAGTATTAAGAGGCTGA 
106 TAGACTGTAATGCAGATACATATTATGCGA 

107 ACCTCCCGTCCCATCCTAATTTACCAATAAAC 
108 AGAGGGTATTTATCCTGAATCTTATTTAGCGA 

109 ACCTGAGCAGAGGCGAATTATTCAAGTCAAAT 
110 TCGAGAGGGTTGATATAAGTATATCATTTTCA 

111 ATCATTCAAATCAGATATAGAATTTGCCAG 
112 CAATGCCTTAATGCCGGAGAGGGTAGCAAATA 

113 CGGTATTCATCAATAATCGGCTGTCAAAAGGT 
114 TCAAATATTAAGACGCTGAGAAGATTAACAAT 
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115 ACGTTGGGTGGCTGACCTTCATCAACGGTCAA 
116 CCAGCTGACGACGACAGTATCGCAGCTTTC 

117 CCTCAATCTTAACACCGCCTGCAAGTCACACG 
118 CCGGAATCAGCTAATGCAGAACACAAGAAA 

119 GATGGGCGTTGGGTAACGCCAGGGGCCAGTGC 
120 AATCGCGCAAAAGAAGATGATGAATGAGAGAC 

121 ACCAGAGCAATAAATCCTCATTAAAACGGGGT 
122 AAGATCGCGGTGCGGGCCTCTTCGTTCGTAAT 

123 TTCATTTGACATCGGGAGAAACAACTGATTGT 
124 ATTTAGACATATCAAAATTATTGATTTTCA 

125 GACTCCTCAAGAGAAGGATTAGGGTACAAAC 
126 ATCAACACAGGAAGATTGTATAAGCTATTT 

127 CTACATTTATTGGCAGATTCACCACAGTGCCA 
128 CAATTCTAAAGATTCAAAAGGGTGAATATGAT 

129 TGTAATTTTCGCCATATTTAACAAAAAGCGAA 
130 CCGCCACCGAGTGAGAATAGAAAGTTTTCACG 

131 TTGAAAATGAGGGTAGCAACGGCTATGAGGAA 
132 TACCTTTTTATGTAAATGCTGATGAGGGCTTA 

133 AAATTTTTATCTACAAAGGCTATCAGAAAAGC 
134 ATTGAGAAAGGCAGAGGCATTTTCACCAAGTA 

135 ATAAAGGTGAAGCCCTTTTTAAGACATTAGAC 
136 CTGAAAATATATTTTCATTTGGTTGGGTTA 

137 TAATTGCTAAAATCAGGTCTTTACGCGGAATC 
138 TCGCCTGCAAAATTAATTACATGTCAATAG 

139 TGAGCCATCACCATTACCATTAGCCCCTCAGA 
140 TTTTTAAAAATTTTTGTTAAATAGAAGGAG 

141 TCATATGTCTCCGTGGGAACAAACTTGGTGTA 
142 TTTAAATTCTGGCCTTCCTGTAGCGCCTCAGG 

143 GTACAACGATTATACCAAGCGCATACCCAA 
144 TTTTAAGGAACCGGATATTCATCTCCATGT 

145 ATTTTCATATCGAGAACAAGCAAGACGATAAA 
146 TTACAAAAAAAACAGGGAAGCGAAAGTAAG 
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147
 GGGATAGATTTTGCTAAACAACTCCAAAAGGAGCCTTTATCACCCTC 

148 CGCTGAGACTTGCTGAACCTCAAAACATTATC 
149 ACTTTACAGTTATCTAAAATATCTTCGCCATT 

150 ATCTTACCGGCAACATATAAAAGACCGATTGA 
151 AAGAGCAGGAATAAGTTTATTTCCAGCGCC 

152 CTACAATATTGAGCGCTAATATCCAATAAT 
153 TTTCGAGGCAGGGAGTTAAAGGCCCGAAAGAG 
154

 ATTCAACCTGTTAAAATTCGCATTCCAATAGGAACGCCATCGGCACCG 

155 GCCTGAGAGCCTTTATTTCAACGCAGCAATAA 
156 AAAGATTAGTACCTTTAATTGCTCAGTTTGAC 

157 ATTCGCGTGTAAACGTTAATATTTGTTCTAGC 
158 GACGGGCAACAGCTGATTGCCCTAATTGCGT 

159 TGCGCTCGGTACCGAGCTCGAACTATTACG 
160 GATGGCAATTTAAAAGTTTGAGTATATCAAAC 

161 CGATTAAGCATCGTAACCGTGCATAACAACCC 
162 ACCAGTAGTTGGGAATTAGAGCCAACAACCAT 

163 GCAAAAGACGAAATCCGCGACCTGTACCCAAAT 
164 TTGAGGGGGCGAAAGGGGGATGTGCTCTAGAG 

165 GGGAGGGACAGTAGCGACAGAATCTCACCGGA 
166 ACCGTAATAGGTAAATATTGACGGATACATAC 

167 AAGGCAACGAACGAGTAGATTTCTTTTGAT 
168 CACAAACACACCACCGGAACCGCCATAGCAGC 

169 CCCCCAGCGGAGATTTGTATCATCAGTGAATA 
170 GGAGTGTACTGGTAATAAGTTTTAGCCAGAA 

171 CGATAGTTGCATAACCGATATATTATCTTTGA 
172 CAAGCTTGGCCAGCTGCATTAATGGCGTATTG 

173 CAGTATGTCCGAACAAAGTTACCAACAGAGAG 
174 AGGAATTACAGAGGGGGTAATAGTTGCATCAA 

175 AGCCTCAGTCATTCCATATAACAGTTAGAGCT 
176 TAGGTGTATCACCGTACTCAGGAGCCTCAGAA 
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177 CCACCAGCAAAGGAATTGAGGAAGAACAATTC 
178 GAGATAGATCCAGAACAATATTACAGTGTTTT 

179 CTTTAGCGAAAGGGCGACATTCAAAACGCAAA 
180 AAACGTCAGGTGAATTATCACCGTTTATTACG 

181 TAAAACATTAGGAGCACTAACAATTTGAGG 
182 AACGGTACGCCAGAATCCTGAGACGCCAGCC 

183 CCTAAATTAGAATCCTTGAAAACAGGAAACAG 
184 TGAATTTACAAAGAACGCGAGATCTTACCA 
185

 AGGCGCAGAGAGTAATCTTGACAAAACTGGCTCATTATACGAATACCA 

186 CAACTTTAACAAAGCTGCTCATTCGCCTGATA 
 

 
 

 
S16.AFM images of annealed QDs on Origami tile in tapping contact mode and the corresponding height profile of the 
structures 
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Chapter 3:  

Nanoparticle-heterodimer-based DNA biosensors 
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3.1 Abstract 
Identification of numerous biomarkers, such as tumors, genetic mutations, bacteria, 

and viruses, is a prerequisite for biotechnical applications and point-of-care diagnosis. 
Nucleic acids that contain the genetic code for all forms of life can be used as biomarkers 
for the detection of pathogens, infectious diseases, cancers, and hereditary diseases. As a 
result, different methods have been developed for the detection and analysis of nucleic acid 
biomarkers. 2 Even though methods such as polymerase chain reaction (PCR), fluorometric 
analysis, gel electrophoresis, and UV-Vis are powerful, sensitive, and robust for nucleic 
acid detection, they often require complicated sample preparations requiring extensive 
training and expensive equipment. Recent developments in DNA nanotechnology have 
offered various strategies and principles for detection applications. DNA nanotechnology 
not only provides nucleic acid detection with high sensitivity and specificity but is also 
amenable to programmability. 

Here I show how quantum dot (QD)-Au heterodimers, self-assembled on the 2D 
DNA origami surface, could serve as a Förster resonance energy transfer-based DNA 
origami biosensor for nucleic acid detection. In order to have an efficient interparticle 
interaction, I designed a center-to-center distance of 20±2 nm and used a simple toehold-
mediated strand displacement strategy to enhance the detection. My preliminary results 
show that at a 430 nM concentration of the target DNA strand, the displacement of Au 
nanoparticles could cause up to a 38% quantum dot fluorescence increase. The kinetic 
measurement further demonstrates that the displacement approaches completion in about 
25 minutes. These results suggest that the detection of nucleic acids and possibly other 
biomarkers could be accomplished using this straightforward methodology. 

 

 

  

Figure 24.QD-AuNP heterodimers as a DNA biosensor. Addition of the invader strand with a toehold design could 
displace the AuNP which is then detected by an increase in the PL signal of Quantum dots. 



 

 

82 

 

3.2 Introduction  
Critical factors that yield the best clinical outcomes in general public health, 

particularly in the present COVID-19 pandemic, include rapid diagnosis with high 
sensitivity and specificity for a particular biomarker and timely initiation of appropriate 
treatment. 3 Conventional in vitro detection techniques for infectious diseases such as 
polymerase chain reaction (PCR),4 microarrays based on DNA chips, 5 and enzyme-linked 
immunosorbent assay (ELISA), 6 necessitate complex instrumentation, professionally 
trained personnel, complex and lengthy sample preparation, and complicated 
manufacturing processes. The potential for point-of-care diagnostics to match or exceed 
conventional standards in terms of speed, accuracy, and cost has been increased by recent 
advancements in biosensor technology that obviate the need for complex instrumentation 
and sample preparation. New biosensors include varied sensing techniques, such as optical, 
electrical, and mechanical transducers, as well as micro- and nanofabrication technologies. 
Despite the significant potential of biosensors, the translation of biosensors from research 
labs to clinical applications has only been possible in a few significant cases, such as the 
glucose sensor and recently developed COVID-19 antibody-based tests.3 To create 
commercially viable biosensors, a mechanism for providing accurate quantitative 
measurement of a selective binding event must be developed. This mechanism entails 
designing a selective binding agent and incorporating it into a device. This process is 
challenging when taking binding activity into account, especially when dealing with 
complex matrices, which may cause inaccuracy and low specificity. Another challenge is 
achieving high sensitivity, long-term stability, rapid detection, and high reproducibility 
with the sensor, the former being hampered by batch-to-batch variations that occurred 
during the sensor's manufacturing. 

A biosensor consists of a receptor (or recognition component) and a transducing 
component. The recognition component or receptor is typically an enzyme, antibody, 
aptamer, or nucleic acid that can bind to or react with the target analyte. The transducing 
component is typically a material that is responsible for converting the recognition event 
into detectable signals, such as electrical, optical, or mass signals. Rapid detection, 
selectivity for the target molecule, sensitivity, and the limit of detection are key factors that 
determine the performance of the biosensor. The main function of a recognition component 
is to provide rapid detection and analyte selectivity for a biosensor. To achieve high 
sensitivity and selectivity, the recognition element must have a high and specific affinity 
for the target analyte. The extent of binding in a DNA biosensor can be described by the 
law of mass action, which relates the concentrations of the probe and target to the 
concentration of the probe-target complex. 7, 8 The law of mass action is expressed 
mathematically as: 

[probe-target	complex] = ( )%[#&+,-][/"&!-/]
'0)%[#&+,-]0	)%[/"&!-/]

)                (1) 

where [probe] and [target] are the concentrations of the probe and target, and Ka is 
the association constant for the binding reaction between the probe and its target. This 
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equation shows that the extent of binding depends on the concentrations of the probe and 
target, as well as the value of the Ka constant. At low concentrations of either the probe or 
target, the binding is limited by the availability of the other component, and increasing the 
concentration of the limiting component can increase the amount of binding. At high 
concentrations of both the probe and target, the binding may become saturated and reach a 
maximum value. The Ka constant is an intrinsic property of the binding interaction between 
the probe and its target in a DNA biosensor and is independent of the concentration of the 
probe and target. It is determined by the rates of association (kon) and dissociation (koff) of 
the probe and target molecules and reflects the strength of the binding interaction. 8 

K" =
2&'
2&((

                   (2) 

Detection time is determined by the kinetics of analyte-recognition element 
interactions. On the other hand, the sensitivity and limit of detection of the biosensor are 
also determined by the binding affinity as well as the ability of the transducer materials to 
convert the binding events into a measurable signal that can be used to quantify the 
concentration of the target analyte in the sample. 

In an affinity sensor, a probe molecule is used to selectively capture a target 
molecule, such as a protein or DNA sequence, from a complex biological sample. When 
the probe and target molecules bind to each other, they form a stable complex that can be 
detected using a signal transduction mechanism, such as fluorescence, electrochemistry, or 
mass spectrometry. The concentration of the target-probe complex (CTP) is directly 
proportional to the amount of binding that occurs between the probe and target molecules 
and can be quantified using various analytical methods. The signal transduction factor (TF) 
represents the efficiency of the signal transduction mechanism and the detection instrument 
used to convert the presence of the target-probe complex into a measurable signal, such as 
a voltage or a wavelength of light. The following equation represents the relationship 
between the signal intensity (I) of an affinity sensor, the concentration of the target-probe 
complex (CTP), and the signal transduction factor (TF), which depends on the material used 
for signal transduction and the instrument used to detect the signal. 

I = CTP x TF                 (3) 

The product of CTP and TF represents the signal intensity (I) of the affinity sensor, 
which measures the strength of the binding interaction between the probe and target 
molecules as well as the sensitivity and selectivity of the signal transduction mechanism 
and detection instrument used. By optimizing the probe design, binding conditions, and 
signal transduction mechanism, the signal intensity of an affinity sensor can be maximized, 
leading to improved sensitivity and accuracy in detecting target molecules in complex 
biological samples. 
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The sensitivity of an affinity biosensor can be defined as the ratio of the change in 
signal intensity (ΔI) to the change in the concentration of the target molecule (ΔCT).9, 10 
Mathematically, this can be expressed as: 

Sensitivity = ΔI / ΔCT                (4) 

The limit of detection (LOD) is the lowest concentration of the target molecule that 
can be reliably detected above the noise level (s) of the sensor. A common criterion for 
LOD is a signal intensity that is three times higher than the noise level. Mathematically, 
the LOD can be expressed as: 

LOD = 3 ´ noise level / sensitivity                  (5) 

where the noise level is the standard deviation of the signal intensity measured in 
the absence of the target molecule, and the sensitivity is as defined above. This equation 
shows that the LOD is inversely proportional to the sensitivity of the sensor and can be 
improved by increasing the sensitivity or reducing the noise level of the sensor. By 
optimizing the probe design, binding conditions, and signal transduction mechanism, the 
sensitivity and LOD of an affinity biosensor can be improved, leading to more accurate 
and reliable detection of target molecules in complex biological samples. 9-11 

As previously indicated, there are several types of recognition components, ranging 
from synthetic constructs like molecularly imprinted polymers (MIPs) to naturally 
occurring structures like enzymes, antibodies, aptamers, and deoxyribonucleic acids 
(DNA). 

3.2.1 Molecular recognition in DNA biosensors 
 DNA has a number of advantages over biosensors built with enzymes or 

antibodies as the recognition element, including superior specificity through Watson-Crick 
base pairing, ease of modification, thermal stability, and stable chemistry. 12-17 In 
comparison to a typical antibody-based sensor, a longer lifetime and cheaper production 
costs are attained when DNA is employed as the molecular recognition component. 18 By 
incorporating DNA as the recognition element, different types of DNA biosensors, such as 
aptamer-based, 19 DNAzyme-based, and 20 DNA hybridization-based biosensors (Figure 
2), have been developed, and 21, 22, depending on the type of DNA recognition element, they 
can detect a wide range of target molecules, including metal ions, nucleic acids, proteins, 
and small biological organisms. 19, 23-26 
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Figure 25.hybridization-based, DNAzyme-based and Aptamer-based DNA biosensors. 27-29 

 
Biosensors based on DNA hybridization make use of the complementary DNA 

binding domain to obtain analyte selectivity. An artificially created DNA fragment can be 
immobilized at the receptor site as a recognition component once a target sequence has 
been determined. 29–31 By using a special complementary recognition mechanism between 
the target sequence and the immobilized DNA fragment, selectivity is obtained. Recent 
advancements in the application of nucleic acid recognition elements include the utilization 
of DNA hairpins, peptide nucleic acids (PNA), and locked nucleic acids (LNA) (Figure 3). 
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Figure 26.Molecular structure of DNA, LNA and PNA. 29 

Locked nucleic acid is made of a bicyclic furanose unit that is bound in a sugar 
structure that mimics RNA. The methylene bridge that joins the 2'-oxygen and 4'-carbon 
of the ribose ring and locks the ribose in the "3'-endo" state gives the LNA base pair a more 
solid structure, consequently enhancing the binding with the complementary target DNA. 
30 Additionally, since LNAs have an RNA-like structure, they have enhanced binding 
affinity and selectivity for target sequences when compared with DNA. 31 Aside from their 
low background signal and great thermostability, LNA bases also show effective target 
hybridization and strong resistance to degradation. 32, 33 These characteristics often enable 
the construction of LNA-based biosensors for miRNA profiling with enhanced sensitivity 
and specificity. 34, 35 Despite these benefits of LNA biosensors, further development is still 
required to obtain hybridization kinetics and faster detection. 36 

The recognition component in a hairpin-based DNA biosensor is defined by its 
single-stranded DNA having self-complementary characteristics and the ability to fold into 
a stem loop. 37 In general, hairpins produce two major open and closed configurations. 38 
The stem loop hairpin DNA probe also has a high degree of hybridization selectivity and 
exceptional specificity for the target molecules, including DNA and small molecules. 39 
The DNA-hairpin-based probe has been shown to have a limit of detection (LOD) in the 
picomolar range for detecting target nucleic acid fragments. 40, 41 Peptide nucleic acid, also 
known as PNA, is a synthetic oligonucleotide that is made up of a repeating aminoethyl-
glycine subunit bound through amide bonds. Due to their neutral charge and peptide-like 
backbones, PNAs are not prone to digestion by nucleases and proteases and have a higher 
degree of stability throughout the process of nucleic acid binding compared to DNA. 42, 43 
In general, the range of applications for nucleic acid recognition components is highly 
restricted due to the fact that their utilization is optimized primarily for biosensor 
applications that specifically target nucleic acids. 
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Another class of DNA biosensors use aptamers as the recognition element, which 
entails the capability to detect a wider spectrum of analytes such as metal ions, proteins, 
whole cells, and small molecules. 44, 45 Aptamers are single-stranded RNA or DNA 
molecules that can bind to a specific target molecule with high affinity and specificity, 
similar to antibodies. SELEX (Systematic Evolution of Ligands by Exponential 
Enrichment) is a process used to identify and isolate aptamers from a large pool of random 
RNA or DNA sequences. The SELEX process involves several rounds of selection and 
amplification, where the aptamers that bind most strongly to the target molecule are 
enriched and amplified for further selection. This process continues until a sufficient 
number of aptamers with high affinity and specificity for the target have been obtained. 
Aptamers are approximately 100 base pairs long, with a fixed primer binding site at both 
ends and a 20–70 randomized base pair binding zone in the middle. In an aptamer-based 
DNA biosensor, the aptamer is designed to bind specifically to a target molecule, and the 
binding event is then used to trigger a signal output. 46, 47 This signal can be generated by 
a variety of mechanisms, including changes in fluorescence, color, or an electrochemical 
signal.  

Aptamers have several advantages as recognition elements in biosensors. They 
have a high specificity and affinity for their target, ease of production and modification, 
and the ability to be easily functionalized with detection moieties. Additionally, aptamers 
can be designed to bind a wide range of target molecules, including small molecules, 
proteins, and RNA, making them suitable for a variety of applications. Aptamer-based 
DNA biosensors have been used in a number of applications, including medical 
diagnostics, environmental monitoring, and food safety testing. They have the potential to 
be used in point-of-care testing and in resource-limited settings due to their simple and 
low-cost nature. 44, 48 

Lastly, DNA biosensors could utilize a DNAzyme serving as the recognition 
element to detect the presence of specific target molecules. 20, 24 A DNazyme is a type of 
artificial nuclease created from a DNA molecule. Unlike natural nucleases, which are 
enzymes made from proteins, DNazymes are constructed from synthetic DNA molecules 
that have been engineered to have nuclease activity. DNazymes are commonly used in 
molecular biology research as tools for cleaving DNA molecules at specific sites, for 
example, to create deletions or modifications in a gene. In a DNAzyme biosensor, the 
DNAzyme is designed to cleave a reporter substrate (such as a fluorescent or colorimetric 
dye) in the presence of the target molecule. 23, 28, 49 The cleavage of the substrate results in 
a change in the fluorescence or color of the biosensor, which is proportional to the amount 
of target present in the sample. The high specificity of DNAzymes allows them to be used 
to detect DNA and RNA molecules. DNAzyme biosensors have numerous potential 
applications, including environmental monitoring, medical diagnostics, and food safety 
testing. 24, 28 

All three of these distinct categories of DNA-based recognition elements have their 
own advantages and limitations, and the choice between them often depends on the specific 
application and the requirements for sensitivity, specificity, and versatility. For instance, 
the great selectivity of hybridization-based DNA biosensors for nucleic acid targets with 
complementary sequence precludes their use for other types of analytes. On the other hand, 
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aptamer-based DNA biosensors have higher flexibility and can be easily modified to target 
a wide range of different molecules, including proteins, small molecules, and even live 
cells. In contrast to enzyme-based DNA biosensors, which may be chosen for applications 
requiring the degradation of the target molecule, aptamer-based biosensors may also be 
advantageous for uses requiring great specificity. 

These DNA-based recognition elements, or probes, typically need to be 
immobilized onto a material such as a flat substrate or nanomaterial that can help transduce 
the recognition events into signals. In addition, surface immobilization allows the 
placement of different recognition elements in a spatial pattern, enabling the detection of 
multiple target molecules simultaneously and making them suitable for complex assays 
and large-scale screening applications. The spatial organization of recognition elements 
also enables the creation of multiple probe-target interaction sites, which can amplify the 
signal generated by each interaction and enhance the overall signal transduction. 50-52 

An emerging promising approach to incorporating these recognition elements is to 
anchor them on a self-assembled DNA nanostructure with spatially addressable binding 
sites. One of the most prominent examples of such DNA templates is DNA origami. The 
programmability and design flexibility of DNA origami structures allow for the creation of 
biosensors with a wide range of shapes, sizes, and recognition elements, enabling the 
detection of a wide variety of targets. Additionally, these structures can incorporate precise 
mechanisms for enhanced signal transduction. Overall, the ability to precisely control the 
arrangement of recognition elements on the DNA origami structure can significantly 
enhance the performance and versatility of these biosensors. The next section will provide 
background on self-assembled DNA templates in biosensing. 

 

3.2.2 DNA template and DNA origami-based biosensors 
As nanotechnology advances, DNA is being seen as a vital material capable of 

building a range of programmable structures. The capacity of DNA to fold into various 
shapes, along with its exceptional programmability and selectivity of DNA hybridization 
33 make DNA a unique candidate for creating highly precise nanoscale structures. These 
shapes can act as scaffolds to spatially organize recognition elements with sub-nanometer 
precision for capturing target analytes and become configured for optimal target binding. 
These structures can serve as a blueprint for the development of a new class of e biosensors 
called DNA-template-based biosensors with programmable anchoring. 53, 54 The 
recognition element in a DNA-template-based biosensor could be anything from small 
molecules, enzymes, and peptides to aptamers and single-stranded DNA probes. The signal 
output is then initiated by the binding event between the target molecule and the 
recognition element. The signal can be generated by a variety of mechanisms, including 
changes in fluorescence, color, or an electrochemical signal. 

DNA-template biosensors have several advantages, including high specificity and 
sensitivity, the ability to be easily functionalized with detection moieties, and the ability to 
be easily modified to detect a wide range of target molecules. A variety of DNA-template 
biosensors have been successfully made using DNA tetrahedrons, lattices, and crossover 
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tiles. Their versatility in size, relatively high stiffness, the ability to create custom 
nanoscale shapes, and the use of addressable anchoring points to position DNA probes and 
functional nanomaterials make them a great candidate for a biosensor design. 22, 55 Several 
studies using DNA tetrahedron sensors using optical methods, 56, 57 electrochemical, 58, 59 

and SPR sensing 60, 61 have been published. Compared to traditional DNA biosensors that 
immobilize DNA probes onto a solid support, the density management of the recognition 
element on the sensor surface could be improved using a DNA template biosensor to 
improve biosensing performance. 2, 62 Additionally, the DNA templates, such as DNA 
tetrahedrons, are known to be more resistant to enzyme degradation, extending their 
lifespan in tissues and organisms. 63,64 Although a variety of DNA template-based 
biosensors, including DNA tiles, can be widely used in biosensors for in vitro and in vivo 
clinical diagnostics, the production of more complex DNA tile-based patterns necessitates 
a time-consuming predesign procedure and a high level of experimental operation, 
restricting the usage of DNA tiles in biosensors. Therefore, a more robust, effective, and 
widely applicable DNA assembly approach is required to make more versatile DNA 
template biosensors. The DNA origami technique that was invented by Paul Rothemund 
provides a solution to this issue 48 by enabling the construction of complex architectures. 
The main premise of DNA origami is to use the raster fill technique to turn folded single-
strand DNA (scaffold DNA) into well-defined patterns. Through ssDNA extension or 
functionalization in DNA nanostructures, target molecules (specific biological receptors, 
functional materials, or signal-reporting molecules) can be precisely anchored to 
predefined locations. With the help of this arrangement capability, the distribution of 
biological probes on the biosensor surface can be adjusted, and new biosensors can be 
created. 

The recognition element in DNA origami biosensors can take many different forms, 
much as in other biosensors, including antibodies, peptides, enzymes, small molecules, 
DNAzymes, functionalized aptamers, or DNA strands made specifically to bind to the 
target molecule. These recognition elements are often incorporated into the DNA origami 
structure through specific binding interactions between the recognition element and DNA 
sequences. The precise arrangement of recognition elements on the DNA origami structure 
can be carefully controlled to enhance their specificity and sensitivity toward the target 
molecule. 55, 65 The binding of the target molecule to the recognition element results in a 
change in the conformation or stability of the DNA origami structure, which can be 
detected by the signal output. The signal strength may be carefully controlled in a DNA 
origami biosensor by altering the structure's rigidity, size, and the distance between 
recognition elements. 66 

The signal output in a DNA-origami-based biosensor can be generated by a variety 
of mechanisms, including changes in optical, color, mechanical, or electrochemical signals. 
22, 54, 55 For example, optical-based signal outputs can be achieved by incorporating a 
fluorescent molecule into the DNA origami structure and measuring changes in 
fluorescence intensity upon binding of the target molecule. Similarly, changes in color can 
be achieved by incorporating a pH-sensitive dye into the DNA origami structure and 
measuring changes in color as the pH changes in response to the binding of the target 
molecule. 67 Overall, the signal transduction mechanism in DNA-origami-based biosensors 
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is designed to detect changes in the physical or chemical properties of the DNA-origami 
structure in response to the binding of a target molecule and to generate a signal output that 
can be easily measured and interpreted. There are several high-performance DNA origami-
based biosensors currently available, with enzyme-assisted biosensors with high catalytic 
activity, 3D reconfigurable plasmonic biosensors, and optical nanoantenna for single-
molecule detection being only a few examples. 68-70 

Optical DNA origami biosensors, which use fluorescent or plasmonic components 
as the transducer to generate an optical signal, are quickly evolving into fast, sensitive, and 
multi-target sensing devices with significant potential for biomedical applications. 68, 71, 72 
Most of the currently available fluorescent-based optical DNA origami biosensors utilize 
organic fluorophore dyes such as cyanine, fluorescein, or alexa, and fluorescence 
quenchers 73 as signal transducers and work based on turn-on (direct fluorescence 
emission), turn-off (fluorescence quenching), or pairwise fluorescence interactions (Förster 
resonance energy transfer) mechanisms. 74-76 Although these biosensors have been 
successfully made with sub-nanomolar limits of detection and fast response, one factor that 
limits their application, performance, stability, and dynamic range is the use of organic 
dyes with inherent low intensity and poor photostability properties. 77 
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Quantum dots (QDs), on the other hand, are remarkable fluorochromes with 10–20 

times higher intensity and superior photostability 78, 79 compared to organic dyes. 
Therefore, QDs, with their superior photophysical properties, and DNA origami, with its 
ability to arrange recognition elements and nanomaterials with subnanometer precision, 
could be an ideal combination for the next generation of optical biosensors, especially those 
that are based on Förster resonance energy transfer (FRET). However, to this date, there 
have been few demonstrations of biosensors that rely on this combination. A key barrier to 
making such biosensors had been the paucity of versatile, easy, and robust methods to 
produce DNA functionalized nanoparticles with small enough sizes such that they could 
be placed on DNA origami within a short distance of 10–20 nm, required for FRET. In the 
preceding chapter, I demonstrated that 1. compact, stable, and emissive QD-DNA 
conjugates can be prepared using our recently developed single-step ligand exchange 
method, 2. a QD-DNA conjugate and a DNA functionalized gold nanoparticle can bind to 
a DNA origami template to form a heterodimer with a tailored distance, and 3. significant 
energy transfer takes place within the heterotrimer. Here we are exploring the potential of 
this DNA-template heterodimer as a FRET-based DNA origami biosensor for nucleic acid 
detection.  

Figure 27. Diagram of the G6pDH and MDH nanostructured complex arranged on a DNA DX tile. The 
transfer of hydrides is facilitated by the single-stranded poly(T)20 modified by NAD+ that is sandwiched 
between the two enzymes. 1 
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In this biosensor design, the analyte is captured using a nucleic acid capture strand 
as a recognition element. Because the AuNP binds to the DNA origami via hybridization 
between its ligands and capture strands, the binding of target molecules to the capture 
strands displaces the AuNP. Without the quencher AuNP in proximity, the fluorescence 
from the QD is increased. Thus, the binding of target molecules leads to a change in the 
fluorescence signal. To study the feasibility of this biosensor design, we first created a 
FRET-compatible interparticle spacing between the AuNP and QDs of around 20 nm for 
effective interaction. 80 This configuration of DNA origami could result in a fluorescence 
transducer that relies on energy transfer between AuNP and QD. The QD fluorescence 
could then be converted to a quantified signal as a result of the capture or displacement of 
the AuNP on the origami. Secondly, to ensure that the nanoparticles bind to the origami 
with a high yield, we introduced three capture strands per nanoparticle for each binding 
site. Lastly, a signal amplification strategy called "Toehold-mediated strand displacement" 
(TMSD) was incorporated in this design to enhance the molecular recognition and augment 
the signal; this strategy will be covered in more detail in the following section. 

According to our findings, the designer heterodimer was able to successfully detect 
the target DNA strand at a concentration of 430 nM. The displacement of Au nanoparticles 
was able to induce a quantum dot fluorescence rise of up to 38%. A further demonstration 
of this is provided by the kinetic measurement, which shows that the displacement will be 
nearly finished in around 25 minutes. These findings suggest that the DNA templated 
heterodimer may serve as a versatile platform the detection of nucleic acids and possibly 
other biomarkers. 

 

3.2.3 Toehold mediated strand displacement strategy 
Toeholds are the short, sticky ends of a DNA strand that are generally used to 

initiate strand displacement and have been found to have exceptional tunability at both the 
kinetic and thermodynamic phases. Strand displacement processes have been widely 
exploited in DNA nanotechnology for the creation of reconfigurable structures, DNA 
machines, and biosensors. 81-86 Strand displacement reactions provide far more design and 
operational flexibility than conventional nucleic acid hybridization probes, such as 
molecular beacons. The basic principle of toehold strand displacement is to use a short 
"toehold" strand to displace a longer complementary strand, thereby causing a change in 
the overall hybridization pattern of the DNA biosensor. The development of DNA 
molecular tweezers marked the introduction of toehold-mediated strand displacement. 
Here, the toehold served as the starting point for toehold-mediated strand displacement, 
which was followed by a branch migration process that mimicked a random walk. 87 This 
process is thermodynamically more advantageous as more base pairs are produced, and the 
length and order of the toehold domain dominate the kinetics of strand displacement when 
the hybrid domain is short. 88  

Overall, toehold strand displacement can improve the signal in DNA biosensors by 
amplifying the response to target molecules, leading to increased sensitivity and specificity 
in the detection of target molecules. 89 To further enhance the functionality of the biosensor, 
this strategy was incorporated into the DNA origami design to control and optimize the 
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interaction between the probes and target molecules, leading to increased sensitivity of the 
biosensor. The use of toeholds in DNA origami can also enable the creation of multiple 
probe-target interaction sites, which can amplify the signal generated by each interaction 
and enhance the overall signal transduction. This can further increase the sensitivity of the 
biosensor, making it capable of detecting target molecules at lower concentrations. 

 

 
Figure 28. a) An oligonucleotide tweezer structure created by the hybridization of strands A, B, and C. b) Using the 
molecular tweezers to close and open them. To shut the tweezers, closing strand F forms a hybrid with the free ends of 
strands B and C (shown in blue and green, respectively). The tweezers can open because of hybridization with the 
overhang part of F (red), which enables the F strand to free F from the tweezers and create the double-stranded waste 
product FF. 87 

 

3.3 Experimental Section 
3.3.1 DNA preparation 

The disulfide bonds of an 18-nt (5' CA TGT TCA GCG TAA TTTT/(CH2)3SH 3’) 
modified oligonucleotide (from IDT DNA) were cleaved by mixing 100 mM of 
oligonucleotides with 100 mM tris(2-carboxyethyl) phosphine (TCEP) in a 1:600 ratio and 
leaving them at room temperature overnight. The TCEP-reduced 18-nt DNA was purified 
twice with a 3 kDa Amicon Ultra-0. 5 centrifugal filter (Millipore Sigma, Burlington, MA, 
USA) at 14000× g for 20 minutes, and the concentration was measured with a Thermo 
Scientific Nanodrop spectrophotometer. Then the solution mixture was replenished with 1 
ml of 100 mM TCEP. It is known that TCEP helps retain the photoluminescence by 
suppressing the surface etching of the quantum dots. 90 The mixture was then diluted with 
Millipore water to minimize the chance of aggregation. 
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3.3.2 Phase transfer/ligand exchange 
Octadecylamine-capped CdSe/ZnS QDs in solid form (Sigma Aldrich, Product #: 

748080) were first dissolved in chloroform. The concentration was then measured using 
the molar extinction coefficient (e: 250000 M-1cm-1) and absorbance. Previously reduced 
and purified 18-nt DNA (5' CA TGT TCA GCG TAA TTTT/(CH2)3SH 3’) was used for 
surface functionalization. To find the optimal condition for this reaction, reaction mixtures 
with DNA/QD molar ratios of 20:1, 80:1, 160:1, 320:1, and 640:1 were prepared under the 
following conditions: 100 ml of the reduced DNA-TCEP mixture, 50 ml of dimethyl 
sulfoxide (DMSO), and 100 ml of chloroform were added to each vial, followed by the 
addition of the QDs (typically 2.44 mM). Due to slow evaporation during the reaction, 
chloroform was replenished during the phase transfer. Then 9 ml of 25 mM Zn(NO3)2 was 
added to the reaction to preserve the QD photoluminescence by passivating the electron 
surface/hole traps.91, 92 The mixtures were vortexed for 0.5 hours before the addition of 
NaOH. The stepwise addition of NaOH was done at 1-hour intervals and stopped when the 
pH reached 9.5–10. The final concentration of NaOH at which this pH is achieved is 
dependent on the DNA concentration. 

 

3.3.3 Preparation of DNA-conjugated gold nanoparticles 
A salt-aging method developed by Mirkin et al. 93 was used to conjugate gold 

nanoparticles with DNA. Thiol-modified 18-nt oligonucleotides (5'-GT AGT CGC AGA 
TTA TTTT/(CH2)3SH 3’) were treated with 100 mM TCEP in a 1:600 ratio overnight to 
cleave the disulfide bond and then purified with a 3 kDa Amicon Ultra-0. 5 Centrifugal 
Filter (Millipore Sigma, Burlington, MA, USA) twice at 14,000× g for 20 minutes. The 
purified concentration was measured with a NanoDropTM spectrophotometer. The 
oligonucleotides were then mixed with 10 nm AuNPs at a molar ratio of 660:1. After 
adjusting the final concentration of SDS to 0.01% w/v, a 5 M NaCl solution was added to 
the mixture to gradually increase the final concentration of NaCl in the mixture to 0.3 M 
for 3 hrs. The mixture was then purified using a 100 kDa Amicon Ultra-0.5 Centrifugal 
Filter eight times at 14000× g for five minutes. 

 

3.3.4 DNA origami formation 
The DNA origami tiles used in this study were designed with Cadnano 94 and 

prepared using a previously published method. 95 M13mp18 DNA (New England Biolabs) 
in 1× TAE-Mg2+ buffer (10 mM Tris base, 1 mM Ethylenediamine Tetraacetic Acid 
(EDTA), 14 mM MgCl2) was mixed with a 100-fold excess of short staple strands and 
thermally annealed from 95 °C to 20 °C in a thermocycler (BIO-RAD T100) at a rate of -
1°C per minute. The folded DNA nanostructures were separated from excess DNA staple 
strands using a 50K Da Amicon Ultra-0.5 Centrifugal Filter. The filtration was performed 
at 3500× g for 2 minutes and 5 times. Each time, the solution was replenished with 1× 
TAE, and the final concentration of MgCl2 was adjusted to 10 mM. 
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3.3.5 Self-assembly of nanoparticles on DNA origami 
To bind the DNA-conjugated gold nanoparticles and QDs to the DNA origami tile, 

we used a 2-step sequential annealing method. In the first step, the purified tiles were mixed 
with the prepared QD nanoparticles and were annealed to the tiles at a 2× equimolar 
concentration in 1× TAE buffer and 12.5 mM MgCl2. The annealing was performed in a 
thermocycler (Eppendorf) at a rate of 1 °C per minute. To remove unbound nanoparticles, 
two rounds of purification were performed using size exclusion spin columns (gel filtration 
purification method in SI). In the second step, purified AuNP-DNA conjugates were 
annealed to the previously made QD-tiles at a 2× equimolar concentration in 1× TAE buffer 
and 12.5 mM MgCl2. The annealing was performed in a thermocycler (BIO-RAD T100) 
starting at 41°C and slowly decreasing to 20 °C at a rate of -1 °C per minute. The 
nanoparticle-DNA origami conjugates were then purified again with size exclusion spin 
columns twice before TEM imaging. 

 
 

3.3.6 Spectroscopic characterization 
Concentrations of DNA origami, thiol-modified DNA, and unfunctionalized and 

functionalized AuNP were determined using a NanoDropTM ND-1000 spectrophotometer 
(Thermo Fisher Scientific). UV-Vis spectra of unfunctionalized QDs were collected using 
a Perkin-Elmer Lambda 35 UV/Vis spectrophotometer with a 100 μL quartz cuvette. 
Fluorescence spectroscopy measurements were done using a HORIBA Instruments Inc. 
(FL-1000) spectrometer equipped with a thermoelectrically cooled BIUV Synapse CCD 
detector. Although the slit width and the integration time were varied to optimize the 
signals, identical slit widths and integration times were used for the same set of spectra. 
The fluorescence intensity of functionalized QD was measured using a 50 μL Quartz 
701MF sub-micro black fluorometer cuvette (Fireflysci), and the QD-Origami and QD-
Au-Origami samples were run using a HORIBA Microsense (1-5 μL) cuvette. 

 

3.3.7 Kinetics measurements 
The fluorescence kinetics over the strand displacement time were monitored with a 

HORIBA Instruments Inc. FL-1000 spectrometer equipped with a thermoelectrically 
cooled BIUV Synapse CCD detector. All kinetic experiments were performed at 25 °C in 
1 ´ TAE 5 mM MgCl2 in a HORIBA Microsense (1–5 μL) cuvette. Before the start of the 
reaction, the sample's temperature was allowed to stabilize for at least 300 s. Once 
thermally stabilized, the invader strand was added to the origami solution to start the 
reaction, and the fluorescence signal was measured in 5-minute increments. 
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3.3.8 Agarose gel electrophoresis 
For DNA-functionalized nanoparticles, 0.5% agarose gels were prepared with 0.5× 

TBE buffer and were run for 40 minutes with 0.5× TBE buffer at 65 volts. For origami tiles 
and the annealed products, 1% agarose gels were prepared with 0.5× TBE and 12mM 
MgCl2. The gels were stained with fluorescent SYBR Green I (10,000×, Invitrogen), and 
a blue loading dye (6× NEB) was added to the sample solutions before gel electrophoresis. 
The running buffer for the tiles was 0.5× TBE with 5 mM MgCl2 and the gels were run for 
1 hour at 65 volts. 

 

3.3.9 Purification of nanoparticle-DNA origami conjugates 
with gel filtration method 

The nanoparticle-DNA origami conjugates were purified using a previously 
reported size-exclusion spin-column-based method 96 with slight modifications. In short, 
the size exclusion Sepharose CL-4B resins (Sigma-Aldrich) were buffer exchanged by 
repetitive resuspension or pelleting in 0.5× TAE and 4 mM MgCl2 six times (200 µL of 
crude resin was diluted to 1000 µL with 0.5× TAE and 4 mM MgCl2 and spun at 800 g for 
3 min) and the resin was adjusted to a 50% v/v slurry. The resins were then loaded into 
empty spin columns (from Thermo Scientific) and spun twice to fill the tube with the resin 
up to 80% volume. Each time, the excess buffer in the resin was removed by spinning the 
columns at 15 °C at 800 g for 1 min. The crude nanoparticle-origami tile mixture was then 
subsequently passed through two spin columns (spun at 800 g for 3 min). 

 

3.4 Results and Discussion  
3.4.1 Heterodimer-tile Design 

Previous studies on AuNP-QD heterodimers have shown a long-range (~14 nm–70 
nm) fluorescence quenching of QD, possibly related to increased nonradiative decay 
mechanisms brought on by the presence of neighboring AuNP.80 Therefore, in order to 
make a fluorescent-based DNA origami biosensor, we designed a heterodimer assembly 
composed of a 10 nm Au nanoparticle and a 7 nm quantum dot that are placed at 
predetermined locations on the origami tile. The nanoparticles were pinned on the surface 
by using complementary DNA ligands that could hybridize with the DNA origami capture 
strands at predetermined locations. For each nanoparticle, three capture strands were 
incorporated to guarantee the binding. The location of the capture strands was mapped to 
yield a 20 nm center-to-center distance after the self-assembly to ensure efficient and 
measurable fluorescence quenching. 
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Figure 29. the heterodimer-tile design. Green and yellow nanoparticle represents the QD and AuNP respectively. For 
simplicity only two capture strands are depicted. 

 

3.4.2 Toehold Design 
Using a toehold in DNA origami can improve sensitivity in DNA biosensors by 

allowing for a more efficient and specific recognition of target molecules. 83, 85 By 
incorporating a toehold into the DNA origami design, the interaction between the probes 
and target molecules can be controlled and optimized, leading to increased sensitivity of 
the biosensor. For example, in a DNA biosensor for the detection of a specific target 
molecule, the toehold strand may be complementary to a part of the target molecule. When 
the target molecule binds to the toehold, it can displace a longer complementary strand, 
leading to an increase in fluorescence or a change in the electrophoretic mobility of the 
DNA biosensor. 85, 97, 98 The use of toeholds in DNA origami can also aid the creation of 
multiple probe-target interaction sites, which can amplify the signal generated by each 
interaction and enhance the overall signal transduction. This can further increase the 
sensitivity of the biosensor, making it capable of detecting target molecules at lower 
concentrations. 65, 99 

The study and implementation of nucleic acid strand-displacement processes are a 
focus of dynamic DNA nanotechnology. Originally studied for their possible role in 
recombination, strand-displacement reactions often involve a three- or four-way migration 
of branches. The rate of strand displacement can be tuned by more than six orders of 
magnitude using toeholds, single-stranded regions of DNA to which an invading strand can 
connect to initiate strand displacement and branch migration. 100 
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The design of the toehold segments and the tactics that may be utilized to optimize 
the kinetics and thermodynamics of the strand displacement have been the subject of in-
depth studies. These techniques include modifying the toehold segment's length, 101 adding 
mismatches, 102 moving the toehold segment, 97 and incorporating linear vs. double-
stranded probes. In a study by Winfree et al., they developed a model that showed the 
length of the toehold directly affects the rate of the reaction and that there is a solid 
connection between the kinetics and thermodynamics in toehold-mediated strand 
displacement reactions. 98 To accelerate the strand displacement reaction, the invading 
toehold must be made stronger thermodynamically, which could be done by increasing the 
toehold length. Therefore, quicker strand displacement reactions in the net reaction are 
more thermodynamically advantageous. In their study, the length of the toehold to reach 
the maximum rate is estimated to be 5–10 bases. 98  

Another study by the same team examined the relationship between strand 
displacement kinetics and toehold length using two parameters. First, the physical 
mechanism by which a single step of branch migration takes place is considerably slower 
than the fraying of a single base pair. Second, attempting branch migration imposes a 
thermodynamic penalty because it creates further overhang at the junction, which is not 
considered by nearest neighbor models of DNA. 100 By adding a toehold strand 
displacement mechanism to our DNA origami design, we aimed to enhance the signal and 
increase the sensor’s sensitivity so it could work at lower concentrations. Other research, 
which concurs with the previous studies, has indicated that the ideal length of the toehold 
is 6-7.103, 104 It is also reported that the addition of the toehold segment at the 5’ end could 
improve the rate of displacement. Based on these reports, I added six bases to the 5’ end of 
the capture strands on the DNA in my toehold design and examined the strand displacement 
efficacy using fluorescence spectroscopy. 101 To achieve this, the DNA origami was folded 
using the described method for the experiment. The dimer was then formed by sequentially 
adding QD and Au nanoparticles to the DNA origami solution, and to incorporate a toehold 
strand displacement strategy, the intended toehold invader strand, which included a 
complementary sequence to the capture strand, was then added to the reaction mixture to 
assess its strand displacement capabilities. 
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DNA Strand Sequence (5’ to 3’) 

Extended DNA staple 
(capture strand) 

TAATCTGCGACTACTGCCAATTTTAGTAGCATACAT 
TTCGCAAATGGTAGGTCAGG 

Complimentary ligand 
of QD NP 

GTA GTC GCA GAT TA 

Invader strand TTG GCA GTA GTC GCA GAT TA 
Table 1. Toehold design of the biosensor 

 

3.4.3 Fluorimetry Characterization 
To test our heterodimer’s ability to function as a biosensor with the toehold design, 

we first performed displacement experiments with varying toehold ligand concentrations. 
In our experiment, a solution of 15 nM of the heterodimer tile was mixed with the invader 
strand (target, or analyte) at different final concentrations: 5 μM, 10 μM, 20 μM, 40 μM, 
and 80 μM. The mixtures were incubated for 3 hours before fluorescence spectroscopy was 
carried out. To measure the response of the QD fluorescent emission to the addition of the 
target. To quantify the response, the percentage increase in fluorescence at 560 nm was 
calculated for different invader strand concentrations. Fluorescence Increase (%) was 
determine by using the following equation, where F+ is fluorescence intensity of the 
heterodimer-tile and F is fluorescence intensity after the addition of invader strands. 

F3 =
F-F+
F+

× 100 

As expected, when 5 uM of invader strands are added to displace AuNPs from the 
tile, the fluorescent signal of the QDs is increased by 38% (Figure 8). Since the AuNP can 
quench the PL of QDs nearby, when they are removed from the origami breadboard, this 
quenching effect is impeded, and as a result, the fluorescence signal is increased. With the 
addition of the invader at higher concentrations, more AuNPs are displaced, and therefore 
this fluorescent signal is recovered. Our experiment also shows that after 20 μM the QD 
PL starts to decrease. The decrease may be caused by nonspecific interactions between 
excess invader strands and quantum dots, which may change the emission. This experiment 
was also performed with unmodified origami tiles that lacked the toehold design 
(Appendix). A similar trend was also observed, as the invader ligand could still displace 
the AuNPs without the toehold modifications; however, the overall increase for the toehold 
design is 34%, while for the unmodified tile, this increase is around 26%. 
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Figure 30. AuNP displacement with the addition of an invader DNA strand. The reaction mixture was incubated for 3 
hours before fluorescence measurements. Fluorescence response was obtained by excitation at 470 nm, slit width of 13 
nm, and integration time of 1.2 s.  
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Figure 31. control experiment: addition of water does not affect the PL signal. The reaction mixture was incubated for 3 
hours before fluorescence measurements.  

As an additional control to account for the effect of the small volume change when 
the invader strands were added, a solution mixture of QD-AuNP-tile was prepared and 
mixed with three different portions of water (Figure 9). As it’s shown, the addition of water 
didn’t affect the PL signal, confirming that the displacement only occurs when the designed 
invader strand is added. 

A key feature of the biosensor is its ability to detect analytes even at very low 
concentrations. Therefore, in another attempt, we measured the PL response of the 
heterodimer at lower concentrations of invader strands. For this experiment, the final 
concentration of the invader was lowered to 4.3 μM, 2 μM, and 430 nM. After the addition 
of the invader, the reaction mixture was incubated for 3 hours at room temperature to reach 
equilibrium. 

The fluorescence spectra (Figure 10) show a similar trend. As the concentration of 
the invader strand is increased, the fluorescence increase becomes more pronounced. Even 
though in the current study we did not measure the limit of detection, a significant increase 
in fluorescence, as high as 31%, was observed at concentrations as low as 430 nM. 
Although the data is not sufficient for us to determine the limit of detection for our sensor, 
we expect it to be in the range of low tens of nanomolar as the fluorimeter is capable of 
reliably detecting signal changes as small as a few percent. In parallel, this experiment was 
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also done with the unmodified DNA origami, in which the toehold fragment was not 
incorporated into the capture strands (Figure S4), and even though the trend is similar to 
the toehold-mediated DNA displacement, in lower final concentrations (430 nM) the 
unmodified DNA origami fluorescence increase is only 6%, which is substantially lower 
than that observed with the toehold-modified origami design. 
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Figure 32. a) AuNP displacement with the addition of invader DNA strand at low concentrations (4. 3 µM, 2 µM, 430n 
M). The reaction mixture was incubated for 3 hours before fluorescence measurements) b) Fluorescence increase (%) 
was measured for different invader strand concentration.  
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3.4.4 Kinetics measurement 
In the context of toeholds, kinetics measurements are important because they help 

determine the efficiency of the toehold-mediated strand displacement reaction. This 
reaction is used to detect the presence of target analytes in several biosensors. 65, 98 
Knowledge of strand-displacement kinetics can be used to optimize the design of the 
biosensor and ensure that it operates at maximum efficiency. 

The parameter settings for the fluorescence measurements were as follows: 470 nm, 
a slit width of 12 nm, and an integration time of 1.5 s. A 1 nm excitation slit was chosen to 
reduce the photobleaching of the dye molecules, while a 12 nm emission slit ensured the 
collection of a larger number of emitted photons. The fluorescence spectra of the strand 
displacement over the course of 25 minutes are shown in Figure 11. Based on these results, 
the fluorescence signal is increasing over time, which is the consequence of strand 
displacement as seen in our previous experiment. As the invader strand hybridizes with the 
capture strand, the AuNP quenchers are displaced from the surface, and therefore, the QD 
PL is enhanced. The fluorescence increase is gradually increased with time as more AuNPs 
get displaced. The preliminary results reveal that the signal starts to level off after 25 
minutes, which suggests that the strand displacement is near completion after this point 
(Figure 11b). However, follow-up experiments with longer reaction times need to be 
performed. 
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Figure 33. a) The fluorescence response of QDs after the addition of the strand was measured at excitation wavelength: 
470 nm, slit width of 8 nm, and integration time of 5s. b) Fluorescence increase (%) was measured over 25 minutes.  
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We used the Box-Lucas model, a mathematical representation of the kinetics of a 
reaction, to analyze the kinetics of this model biosensor. This model is commonly used in 
biochemistry and biophysics to model the kinetics of enzyme-catalyzed reactions and other 
biochemical processes. The Box-Lucas model can be used to explain the kinetics of a 
pseudo-first-order reaction in the context of DNA strand displacement, where the rate of 
the reaction is completely determined by the concentration of one reactant. In this case, the 
reaction is typically modeled as a competition between the incoming strand (the displacer) 
and the outgoing strand (the target). In a pseudo-first-order reaction, the order of the 
reaction with respect to the reactant that is present in excess (and remains constant) is 
effectively zero, while the order of the reaction with respect to the other reactant(s) is 
effectively first-order. Hence, in this case, the order of the reaction with respect to the target 
strand is pseudo-first-order or effectively first-order. To use the Box-Lucas model for 
pseudo-first-order kinetics of a DNA strand displacement, we first defined the rate equation 
for the reaction. This equation would typically include the concentration of the incoming 
strand, the concentration of the outgoing strand, and the rate constant for the reaction. 

 

 
Figure 34.Box-lucas model fit for the case 1 target strand (a) vs 3 target strands (b).  

The Box-Lucas model can provide valuable insights into the underlying 
mechanisms of the reaction, with the rate constant for the reverse reaction being higher 
with multiple target strands compared to one target strand, leading to a faster overall 
reaction rate. The concentration of the target strands should be considered when analyzing 
the kinetics of the reaction using the Box-Lucas model to accurately estimate the rate 
constant and other parameters of the reaction. In terms of the kinetics of the reaction, it 
follows a pseudo-first-order mechanism, with the integrated form of the rate equation for 
a pseudo-first-order reaction being: 
[4])
[4]*

= e-2/                  (6) 

where [A]/ is the concentration of the reactant at time t, [A]6 is the initial 
concentration of the reactant, and k is the rate constant. Comparing the two equations, we 
can see that Y corresponds to [4])

[4]*
, and the term (1 - e(-bx)) corresponds to e-2/. Comparing 
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the two equations, we can see that Y corresponds to [4])
[4]*

, and the term (1 - e(-bx)) corresponds 

to e-2/. Therefore, the equation given represents a pseudo-first-order reaction with a rate 
constant of k' = 0.060 s-1, for one capture strand and k' = 0.125 s-1 for three capture strands. 
R-squared (R2) can be used in this nonlinear regression to identify which of these models 
provides a better fit to the data. The model anticipates that the displacement of one capture 
strand will result in the dissociation of AuNP and the activation of the fluorescence signal. 
However, this is not the case, and the fact that R2 = 0.934 further demonstrates that it cannot 
be the correct fit. In our designed biosensor in order to dissociate the AuNP, the strand 
displacement of three capture strands is required. To better find a model to include the 
number of capture strands we used binomial distribution. The Binomial distribution can be 
applied in the context of strand displacement kinetics to model the probability of a certain 
number of displacement events occurring within a population of DNA molecules. In a 
strand displacement reaction, a population of DNA molecules is exposed to a set of input 
signals that trigger the displacement of the target molecule. The number of displacement 
events that occur within the population can be modeled using a binomial distribution, 
which describes the probability of a certain number of successes (displacement events) in 
a fixed number of trials (DNA molecules). The binomial distribution is characterized by 
two parameters: the number of trials (n) and the probability of success (p) in each trial. In 
the context of strand displacement, the number of trials corresponds to the number of DNA 
molecules in the population, and the probability of success corresponds to the probability 
that a given molecule will undergo displacement in response to the input signals. After 
applying the binomial distribution to this kinetic model for three capture strands, the R2 
increased to 0.997 confirming that it better fits our experimental data. As was said earlier, 
in order to determine the rate constant of the second order reaction, we need to take into 
account the concentration of the target and convert the fluorescent signal to the molar 
concentration of the reactant. Following these steps, the rate constant of the reaction 
changes to 3.75 × 106 M-1 sec-1 and 7.81 × 106 M-1 sec-1, respectively, for one capture strand 
against three capture strands models. These values are commensurate with previous values 
found in the literature for toehold-mediated strand displacement.105 

 
Understanding the kinetics of DNA strand displacement reactions is important 

because it can inform the design of efficient and specific DNA-based systems for various 
applications in biotechnology and medicine. These applications include biosensors, drug 
delivery systems, gene therapy, and DNA computing, among others. In biosensors, for 
example, the kinetics of DNA strand displacement reactions can be used to design sensors 
that can detect specific molecules or ions in a sample. By controlling the concentration of 
target strands, the sensitivity and specificity of the sensor can be optimized, resulting in a 
more accurate and reliable detection system. Overall, knowledge of the kinetics of DNA 
strand displacement processes and their dependency on target strand concentration can be 
useful for creating effective and targeted DNA-based systems for diverse biotechnology 
and medical applications. 
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3.5 Conclusion and Outlook 
The purpose of this chapter was to show how our heterodimer design can function 

as a biosensor. This experiment proved that with a proper toehold mediated strand 
displacement strategy and a well-thought-out invader strand design the sensor could 
perform at concentrations as low as 430 nM and detect show a 38% fluorescence increase 
in QD PL signal. Given that fluorescence spectroscopy is capable of detecting much 
smaller signal changes, we expect that the actual limit of detection to be in the range of nM 
to tens of nM. The kinetics measurement further demonstrates that the displacement 
approaches completion in about 25 minutes which is a relatively fast response for a FRET 
based DNA biosensor.  We found that a model based on the independent strand 
displacement of three capture strands can quantitatively describe the observed time 
dependence of fluorescence.  Although this result is intriguing, more replications and 
testing at lower target strand concentrations are required to validate the sensor for practical 
application. Perhaps the fluorescence signal should be observed for a longer period for the 
reaction to reach equilibrium and the fluorescence signal to plateau.  

Although the results are preliminary, they do showcase the promise of a highly 
tunable design. This biosensor design serves as a model system that allows us to 
systematically and rationally tune molecular recognition and signal transduction to 
improve the performance of the sensor. There are numerous opportunities to improve the 
sensor's performance. For example, it allows for the evaluation of various toehold 
configurations and their effects on the kinetics and thermodynamics of strand 
displacement. By fine-tuning the toehold design, length, mismatch, and toehold location, 
the molecular recognition of the sensor could be enhanced, resulting in a faster response 
and a reduced detection limit. Moreover, we expect that larger AuNPs (30 nm or 50 nm) 
can be utilized to improve the sensitivity of the sensor. As they can quench signals more 
efficiently compared to 10 nm AuNPs, the displacement of these larger AuNPs by target 
molecules will lead to a significantly larger change in fluorescence signal, improving the 
sensitivity of the sensor. DNA origami's programmability also allows us to readily change 
the distance between QD and AuNPs. According to the FRET principles, the QD 
fluorescence will be more quenched if the particles are positioned closer together, which 
will lead to a more pronounced change in fluorescence as a result of binding events. Tuning 
the number of capture strands could also be implemented to modify the sensor's sensitivity. 
Reducing the number of capture stands might facilitate displacement and necessitate fewer 
invaders for displacement, therefore increasing the biosensor’s sensitivity. Furthermore, 
due to the superior photophysical properties of QDs, this sensor does not suffer from low 
photostability and low intensity compared to its fluorescent dye-based counterparts. We 
might also potentially improve the capability of our sensor to detect proteins or other 
biomarkers by incorporating aptamers into our design in the future. Overall, such a model 
facilitates research on the kinetics and thermodynamics of strand displacement using an 
optical sensor.  
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3.6 Appendix 
 

 

 

Figure S1. AuNP displacement with the addition of an invader DNA strand. The reaction mixture was incubated for 3 
hours before fluorescence measurements.  
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Figure S2. AuNP displacement with the addition of an invader DNA strand at lower concentrations. The reaction 
mixture was incubated for 3 hours before fluorescence measurements.  
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Figure S3. calibration curve to measure functionalized QD-tile nanoparticles concentration 
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4.1 Abstract 
In order to create novel phases of magnetic nanoparticles (MNPs) that can enable 

collective phenomena for applications like data processing and information storage, this 
research project aims to achieve this by using DNA. As magnetic nanostructures in 
proximity interact, they exhibit a variety of collective behaviors, such as super spin glass,1 
super-ferromagnetism,2 spin ice,3 and spin-wave propagation. 4 For example, a two-
dimensional array of interacting ferromagnetic nanostructures show a long-range 
correlation of spins with exotic phase transitions at different temperatures. It should be 
noted that many of these phases are composed of larger ferromagnetic structures. 5 It is not 
yet possible to enable analogous phases that are composed of superparamagnetic 
nanoparticles, which are small enough (5-25 nm for Fe3O4) to allow the magnetization to 
randomly flip directions. These structures are not amenable to traditional lithographic 
techniques. Providing a facile method to control particle interactions by assembling MNPs 
on substrates capable of forming a wide range of geometries as well as interparticle 
spacings can open a new window to the emergence of new physics by accessing magnetic 
phases that are not accessible through conventional assembly methods. Self-assembly of 
MNPs can also provide a new route to channel spin wave propagation, which is one of the 
current challenges of applying spin-waves for information processing. To precisely control 
the geometry and the interparticle distance of assembled particles, I use DNA ligands with 
special designs that can connect functionalized magnetic nanoparticles through 
hybridization (Figure 1). A DNA lattice has been successfully used to assemble gold 
nanoparticles in three dimensions. 6-8 However, only a couple of attempts have been 
reported for MNPs due to the lack of means to functionalize MNPs with DNA. The first 
step to making a 3D lattice of MNPs is to synthesize monodispersed particles with a narrow 
size distribution within the superparamagnetic range. The desired size for our purpose is 
~15 nm, in which Fe3O4 is superparamagnetic and facilitates further self-assembly 
procedures. Here I designed a method to functionalize the surface of the MNPs with DNA. 
The strong affinity between gold and sulfur in our thiol modified-DNA allowed us to 
functionalize the particles by adding a thin gold shell to the magnetic core. My designed 
model is a useful tool for studying the interaction and repulsion forces in superlattice 
structures, as well as the collective magneto plasmonic behavior of these nanoparticles that 
are bound by geometrical frustration. 

  

 
Figure 35. DNA assisted self-assembly of gold coated magnetic nanoparticles into a superlattice. 
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4.2 Introduction 
The interactions between magnetic dipoles in magnetic nanostructures give rise to 

a variety of complex collective behaviors, one of which is known as spin ice. In spin ice, 
magnetic dipoles arrange themselves in a tetrahedral geometry, forming "spinons," and 
leading to the emergence of magnetic monopoles. To study and control these interactions, 
artificial spins have been created using advanced nanofabrication techniques. These enable 
researchers to engineer and manipulate magnetic interactions, leading to the discovery of 
novel collective behaviors and potential applications in spintronics and quantum 
computing. 

In recent years, a significant number of experiments have been conducted to explore 
the unusual physics of spin ice models. These investigations have utilized a variety of 
methods, including lithographically patterned two-dimensional arrays of ferromagnetic 
permalloys, 9 colloidal system, 10 and Nano-disks. 11 These techniques have allowed for the 
creation of different geometries and the direct control of collective dynamics, leading to 
the realization of exotic phases that are not found in nature. To understand spin-ice models, 
we must first discuss the concept of frustration. In physical systems, "frustration" refers to 
the inability of the system to minimize the energy of all interactions simultaneously, 
leading to a large degeneracy of low-energy states and non-zero entropy at absolute zero. 
Geometrical frustration can be illustrated by considering the spins on a triangular lattice 
with antiferromagnetic interactions (Figure 2). The spins prefer to align antiparallel, but 
once two spins are aligned, the third spin cannot simultaneously satisfy its favorable 
antiparallel alignment with each of the nearest neighbor spins. The spin in question is thus 
"frustrated" since it cannot determine which way to point. 

 

 

Figure 36. Geometrical frustration 

Two-dimensional arrays of ferromagnetic materials are well-known tools to 
experimentally model Ising spin 12 systems. Artificial spin ice (ASI) refers to an array of 
engineered magnetic nanostructures that mimic the behavior of natural spin ice. These 
arrays can be designed to exhibit spin-ice-like behavior to study the fundamental properties 
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of spin-ice systems. They are typically composed of an array of nanomagnets that are 
patterned into a two-dimensional lattice or a three-dimensional structure.5, 11-15 The 
nanomagnets in an artificial spin ice array interact with each other through dipole-dipole 
interactions, which can be engineered to create magnetic frustration and emergent magnetic 
monopoles, similar to the behavior seen in natural spin ice materials. However, the 
geometry and size of the nanomagnets can be precisely controlled, allowing for the creation 
of different types of spin ice states and the manipulation of magnetic monopole dynamics. 
Since the first generation of fabricated ferromagnetic permalloy artificial spin ice in 2006,15 
many theoretical and experimental models have been developed to mimic the spin ice 
behavior in bulk spin ices such as HoTi2O7 and Dy2TiO7,16-19 and uncover the nature of 
their exotic behavior. These models have revealed remarkable phenomena, such as the 
collective freezing of spins into low-energy states and the presence of magnetic 
monopoles,10 spin charges,11 and Coulombic phases,20, 21 all of which are caused by 
geometrical frustration in the system. In such models, by designing the lattice geometry 
and controlling the strength of dipolar interaction within the system, researchers have been 
able to lift the degeneracy of the ground state and realize exotic phases in physics, e.g. 
charge-ordered state (spin liquid) experimentally (Figure 3). 13, 22  

 

 
Figure 37. phase transitions in Kagome Spin Ice model.8 
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Accessing lower energy states with ASIs is still difficult due to the large amount of 
thermal energy (~105 K) needed to break through the energy barrier within the common 
size range (200-800nm) of magnetic domains created using lithography techniques.3, 23,24 
Recently, a few studies have tried to achieve this by decreasing the thickness of 
nanopatterns and working in a thermally active state.25 Even though this represents major 
progress, new models need to be introduced to fully understand the dynamics of spin 
collective behavior and reach inaccessible lower energy states that may have rich many-
body physics. Using smaller components (10–100 nm) referred to as "superparamagnetic 
nanoparticles" and arranging them in a way that induces geometrical frustration could be 
another way to achieve analogous lower energy phases. 

 

4.2.1 Superparamagnetic nanoparticles 
The use of superparamagnetic particles could provide a novel platform for the 

investigation of geometrical frustration and the exploration of the dynamic of spin 
configuration at lower energy levels. Superparamagnetic nanoparticles are a class of 
nanoparticles that exhibit unique magnetic properties due to their small size and shape. 
These nanoparticles typically have diameters ranging from 1 nm to 10 0nm, and their 
magnetic behavior is strongly influenced by thermal fluctuations. In superparamagnetic 
nanoparticles, the magnetic moments of individual atoms or ions are strongly coupled, 
resulting in a net magnetic moment for the particle. However, at room temperature or 
above, thermal energy can cause the magnetic moments to randomly flip directions, leading 
to a loss of net magnetic moments. This phenomenon is known as superparamagnetism 
(Figure 4). 
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Figure 38.Superparamagnetism and the effect of size of the particle in magnetization reversal energy barrier. 

As a direct consequence of their small size, superparamagnetic particles allow the 
magnetization to randomly flip directions, making them distinct from their ferromagnetic 
counterparts and a novel system to study collective magnetic behavior. Due to their small 
sizes, these structures are not amenable to traditional lithographic techniques. Moreover, 
lithographic techniques, which are fundamentally 2D in nature, are not compatible with 3D 
architectures. An alternative to these top-down lithographic approaches that can address 
these limitations are bottom-up approaches that organize colloidal magnetic nanoparticles 
into superlattices. Previous studies on the self-assembly of superparamagnetic 
nanoparticles have included the formation of 2D monolayers through the Langmuir 
Blodget technique, solvent evaporation,26, 27 dispersion in a granular polymer,28 magnetic 
field-assisted assembly,29 or template-assisted self-assembly in which a porous membrane 
or a chemical structure, such as a molecule, that is used to anchor the nanoparticles in place 
serves as a template. These methods have produced interesting collective phases such as 
spin glass and super-ferromagnetism. However, unlike lithographically produced phases, 
these self-assembled systems have very limited control over the geometrical arrangement. 
As a result, the vast majority of possible interesting magnetic phases, such as spin ice, 
remain inaccessible with such assemblies.27,28,29  

In this context, a facile bottom-up method capable of forming a wide range of 
geometries as well as interparticle spacings can open a new window to the emergence of 
new physics by accessing magnetic phases that are inaccessible through conventional 
assembly methods. The smaller size of these particles can address some of the current 
problems in spin ice model studies: For example, the small size facilitates exploring the 
effect of thermal fluctuation and changes the energy landscape by minimizing the energy 
barrier. This new platform may allow the introduction of defect at will and enable the study 
of the dynamics of spin reconfiguration. DNA-directed self-assembly of nanoparticles by 
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a bottom-up method could potentially address some of these problems by providing a 
simple and efficient method for self-assembling nanoparticles with a high degree of control 
and specificity. This process involves using complementary DNA strands to direct the 
assembly of nanoparticles, which enables researchers to precisely control their position, 
orientation, and connectivity. As a result, complex structures with well-defined geometries 
and properties can be formed.29-31 While this technique has been widely used to assemble 
various metallic and semiconductor nanoparticles, not until recently had any attempts been 
made to self-assemble magnetic nanoparticles through DNA-directed self-assembly.32, 33 
In the sections that follow, I will delve further into these intricate magnetic systems, as well 
as review recent attempts to self-assemble magnetic nanoparticles using DNA-directed 
self-assembly, and finally present my plan for resolving some of the problems that are 
currently associated with these systems. 

 

4.2.2 Crystallization of magnetic nanoparticles 
DNA hybridization between DNA-functionalized nanoparticles provides a 

powerful strategy to regulate superlattice crystallization behavior. This allows access to 
complex three-dimensional structures with over 30 distinct lattice symmetries. The 
inherent electrical characteristics of the basic atomic building blocks determine the 
structure of atomic crystalline solids in nature. As a result, tremendous efforts have been 
made in order to comprehend these features and build principles that allow one to 
understand the thermodynamically favorable crystal forms, with limited success. For 
example, Pauling's principles for ionic solids allow one to understand crystallization 
behavior but not to create crystal architecture because the options are intrinsically linked 
to the identities of the elemental building blocks (such as cations and anions).34, 35 
Similarly, the shapes of colloidal crystals for nanoscale systems are controlled by the sort 
of bonding interactions caused by diverse surface ligands, but unlike atoms, their bonding 
behavior can be dissociated from the particle's compositional identity. Previous reports 
have demonstrated that DNA-NPs can be compared to programmable atom equivalents 
(PAEs), which have bonding properties that coincide with the oligonucleotide sequence.31, 

36, 37 When compared to atomic systems, the crystallization behavior of PAEs is identical 
to that of ionic crystals, where DNA hybridization interactions can cause particle attraction 
similar to charge attraction between cations and anions in ionic crystals. Over a broad 
design space, one can apply the general premise that the structure with the greatest number 
of hybridization (attractive) interactions will be the most thermodynamically favorable 
structure.7, 38 
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Figure 39. crystallization of AuNPs in fcc and bcc superlattices by careful design of different DNA linkers.30 

As previously stated, many studies have focused on the DNA-assisted self-
assembly of gold nanoparticles in 3D superlattice structures; however, until recently, the 
self-assembly of magnetic nanoparticles in superlattice structures and the effect of 
magnetic dipole-dipole interaction on the crystallization of the nanoparticle, with and 
without the application of a magnetic field, were unknown. The first study on this matter 
was published by Mirkin Group in 2020.29 In their study, they functionalized spherical iron 
oxide magnetic nanoparticles of 10 nm, 20 nm, and 25 nm in size with an azide-bearing 
capping polymer, N3-PMAO, to covalently attach dibenzocyclooctyl (DBCO)-terminated 
DNA to the azide on the magnetic nanoparticles. Then, through a thermal annealing from 
65oC to room temperature, they crystallized the nanoparticles in the presence and absence 
of a magnetic field. And the crystal structures were further characterized with SEM 
imaging and SAXS measurement (Figure 6). 

 



 

 

128 

 
Figure 40.a)Schematic depicting the assembly of Fe3O4 nanoparticles DNA functionalized in within a 
magnetic field. STEM of b) bcc superlattice without of a magnetic field of 20 nm Fe3O4 c-e) bcc crystal 
formed with the same particles in the presence of a 3800 G magnetic field d) Representative 1D SAXS patterns 
reveal that the bcc crystal is formed during slow cooling crystallization when no field (0 G) and a field of 
3800 G are applied. 

The study showed that an applied magnetic field can control the anisotropic growth 
of iron oxide magnetic nanoparticle crystals. By using experiments and computations, they 
developed a method for forming elongated structures by combining short-range DNA 
hybridization interactions with long-range magnetic dipole-dipole coupling interactions.  

In another study by the same group,39 they used the same functionalization protocol 
to crystallize cubic iron oxide magnetic nanoparticles to adjust the face-to-face interaction 
between the nanoparticles and study the effect of intrinsic magnetic anisotropy on the 
intraparticle interactions and slow cooling crystallization. Their results revealed that 
utilizing DNA as a ligand permits cubic Fe3O4 NPs to form with symmetry and orientation 
that non-specific, oleate ligands cannot achieve. They also found that, even when the lattice 
symmetry and interparticle spacing are modified, the NP core impacts orientation across 
all length scales. Although they were unable to determine how magnetic dipole coupling 
produces such a result, their work established the foundation for the structural 
characterization and material synthesis required to investigate other shapes and symmetries 
in magnetic NP nanoparticle crystallization, as well as their effects on crystallographic 
alignment in magnetic fields. Despite the ability to form these ordered structures from 
magnetic nanoparticles, the surface functionalization requires coating the nanoparticles 
with a polymer and then conjugating DNA to the polymer.  This complex process is 
challenging to implement and the polymer shell reduces the dipolar coupling between 
magnetic NPs. 
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Here using the well-established Au-S surface chemistry, we are conjugating 
thiolated DNA to magnetic nanoparticles coated with a 1-2 nm thick gold shell. By utilizing 
the direct linkage self-assembly techniques, careful control over reaction parameters 
including salt concentration and controlled thermal annealing we crystalize 
superparamagnetic nanoparticles into a fcc superlattice. Our findings demonstrate that 
using our novel method 3D ordered structures could be formed by controlling the annealing 
temperature and salt concentration. silica encapsulation also eventually generates rigid, 
stable structures which could be characterized with Scanning electron microscopy. Our 
research opens up new avenues for studying magnetic interactions and how different lattice 
symmetries may be modulated by dipole-dipole interactions between nanoparticles. It also 
facilitates magneto plasmonic studies, allowing one to tune the magnetic and plasmonic 
interactions by varying the gold shell thickness, the length of the DNA ligand, and the 
application of a magnetic field.40-42  

 

4.3 Experiment and Methods 
4.3.1 Synthesis of magnetic nanoparticles 

The thermal decomposition approach was used to synthesize Fe3O4 MNPs.43 First, 
35 mL of diphenyl ether solution containing 0.3 M of 1-hexadecanol, 0.3 M of oleic acid, 
and 0.3 M of oleylamine were heated to 200 °C with vigorous stirring in an inert 
environment. After reaching that temperature, 10 mL of a 0.15 M solution of [Fe(acac)3] 
in diphenyl ether was promptly added, and the mixture was then heated to reflux at 265oC 
for 2 hours with stirring to allow nucleation to occur. The reaction mixture was then cooled 
to room temperature and stirred for 18 hours. The black nanomaterial that resulted was 
subsequently precipitated by adding 50 mL of ethanol to the reaction liquid and 
magnetically separated. Finally, the precipitate was washed three times with ethanol and 
redispersed in 5 mL of anhydrous toluene.  
 

4.3.2 Reagents 
Iron (III) acetylacetonate ([Fe(acac)3], 97%), diphenyl ether (99%), hydrogen 
Tetrachloroaurate (III) trihydrate (HAuCl4·3H2O, ≥99.9%), oleylamine (70%), 

oleic acid (90%), 1-hexadecanol (95%), Ultrapure water was used throughout this work, 
purified with a Milli-Q system.  

 

4.3.3 Synthesis and surface coating of iron oxide magnetic 
nanoparticles 

The Fe3O4:HAuCl4 (1:4) molar ratio was used to prepare the core-shell gold-coated 
iron oxide MNPs. In brief, 1.25 mL of anhydrous toluene colloidal dispersion of Fe3O4 
MNPs was diluted with 20 mL of anhydrous toluene and heated to 100°C in an inert 
environment. Then, under vigorous stirring, a solution of HAuCl4.3H2O (0.1956 g) and 
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oleylamine (4.89 mL) in anhydrous toluene (20 mL) was gently added dropwise. The 
reaction mixture was agitated for 1 hour at 100 °C, resulting in a dark purple color. The 
system was then cooled to room temperature before 50 mL of ethanol was added to 
precipitate the resultant nanomaterial. Finally, the gold-coated Fe3O4 MNPs were 
magnetically separated, washed with ethanol multiple times, and redispersed in 10 mL of 
anhydrous toluene, yielding dark purple dispersions. TEM and DLS were used to 
characterize the functionalized particles. 

 

 
Figure 41. schematic showing the synthesis, gold coating, and DNA functionalization process. 

4.3.4 Preparation of the DNA ligand 
The disulfide bonds of 28-nt 5’ (AAG AAT TTA TAA GCA GAA )-A10-C3SH)3 

modified oligonucleotides (from IDT DNA) were cleaved by mixing 100 µM of 
oligonucleotides with 100 mM tris(2-carboxyethyl) phosphine (TCEP) in a 1:600 ratio and 
leaving them at room temperature overnight. The TCEP-reduced 28-nt DNA was purified 
with a 3K Da Amicon Ultra-0.5 Centrifugal Filter (Millipore Sigma, Burlington, MA, 
USA) two times at 14000× g for 20 minutes, and the concentration was measured with a 
Thermo Scientific Nanodrop spectrophotometer. 

 

4.3.5 Functionalization of Iron oxide magnetic nanoparticles 
with DNA 

The salt-aging method developed by Mirkin et al. 44 was used to conjugate gold 
nanoparticles with DNA. Inspired by this method, since the magnetic nanoparticles are 
gold-coated, we used a similar strategy to functionalize the iron oxide nanoparticles with 
DNA. Thiol-modified oligonucleotides of 28 nt. 5’ (AAG AAT TTA TAA GCA GAA)-
A10-C3SH) 3’ were treated with TCEP (600X) overnight to cleave the disulfide bond and 
purified with a 3K Da Amicon Ultra-0.5 Centrifugal Filter (Millipore Sigma, Burlington, 
MA, USA) two times at 14000×g for 20 minutes, and the concentration was measured with 
a NanoDropTM spectrophotometer. Then the oligonucleotides were mixed with 10 nm 
AuNPs at a molar ratio of 3000:1. After the addition of 1 µl 10% (w/v) SDS, a 5 M NaCl 
solution was added to the mixture to gradually increase the final concentration of NaCl in 
the mixture to 0.3 M over 3 hours. The mixture was then purified using a 100K Da Amicon 
Ultra-0.5 Centrifugal Filter eight times at 14000×g for five minutes. 
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4.3.6 Design of the DNA ligands for fcc superlattice 

 
Figure 42. the design of the DNA ligand and the linker to make fcc superlattice. 

 

4.3.7 Silica Encapsulation 
Developed by Chad Mirkin and his research group, the silica encapsulation of gold 

nanoparticle superlattice structures is a process in which the superlattice structure is 
encapsulated within a silica shell through a sol-gel process. 7, 45  In this process, a solution 
of silica precursor molecules is mixed with the superlattice structure and allowed to 
polymerize, forming a solid silica shell around the gold nanoparticles. The precursor 
molecules typically used in the process are organosilanes, such as tetraethylorthosilicate 
(TEOS), which are hydrolyzed in the presence of water and an acid catalyst to form reactive 
silanol groups. These silanol groups then condense with one another to form silica chains, 
which eventually cross-link to form a solid, three-dimensional silica network. During the 
sol-gel process, the superlattice structure is dispersed in the silica precursor solution, and 
the nanoparticles become embedded in the growing silica network as it forms around them. 
The DNA strands on the surface of the gold nanoparticles act as templates for the silica 
polymerization, helping to direct the growth of the silica shell around the superlattice 
structure. Overall, the silica encapsulation of gold nanoparticle superlattice structures is a 
complex, multistep process that requires careful control over the reaction conditions to 
ensure the formation of a stable, functional material. However, the resulting structures have 
a wide range of potential applications in fields such as nanotechnology, material science, 
and biomedicine. 

In short, this process is as follows: after the formation of nanocrystals through 
thermal cooling, the precipitated particles were separated from the supernatant, and they 
were then resuspended in 2.5 mM phosphate buffer (pH = 7.4) and 0.5 M NaCl in a volume 
of 1 ml. The samples were agitated at 600 rpm for 20 min with 2 µL of N-
trimethoxysilylpropyl-N, N, N-trimethylammonium chloride (50 percent in methanol, 
Gelest, Inc.). The mixture was then agitated at 600 rpm for the remainder of the night at 
room temperature before 4 µL of Tetraethyl Orthosilicate (Sigma-Aldrich) was added. 
After a final resuspension in water and three centrifugations (10 s, 10000 rpm), the samples 
were put onto carbon-coated TEM grids (Ted Pella, Inc.). 46 
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4.3.8 SEM imaging 
Scanning electron microscopy (SEM) imaging of the superlattices was carried out 

using a Zeiss Gemini SEM 500 scanning electron microscope operating at 3 kV. Typically, 
4-5 µl of the sample was deposited onto a plasma-treated silicon wafer, let dry overnight 
at room temperature, and imaged the next day.  

 

4.3.9 DLS measurements  
 All dynamic light scattering (DLS) experiments were performed using the 

ZETASIZER NANO Series S90 (Malvern Panalytical). Measurements were done using a 
50 μL microvolume quartz cuvette and a 632.8 nm laser with a 90o scattering angle at room 
temperature. 

 

4.3.10 X-Ray Photoelectron Spectrometry (XPS) 
X-Ray Photoelectron Spectrometry was done using a Nexus X-Ray Photoelectron 

Spectrometer equipped with a monochromated, micro-focused, low-power Al Ka X-ray 
source and a 180°, double-focusing, hemispherical analyzer with a 128-channel detector. 
For sample preparation, 20	µL of the colloidal solution of the nanoparticles was drop-casted 
on a glass slide and dried over night at room temperature.  

 

4.3.11 SAXS Measurements 
 Synchrotron small-angle X-ray scattering (SAXS) measurements were 

performed at SLAC National Accelerator Laboratory with beam line 1-5 and the Dectris 
Pilatus 1M (SAXS) detector. The investigations took place at an X-ray wavelength of 1.24 
(10 keV). Two sets of slits were utilized to collimate and define the beam, and a silver 
behenate standard was employed to calibrate the sample angle. To position the samples in 
the beam's path, 1.5mm quartz capillaries (made by Charles Supper Company, Inc.) were 
aliquoted. A CCD area detector was used to measure the scattered radiation, and exposure 
times to the sample ranged from 0.1 to 1 second. The 1D SAXS diffraction patterns were 
calculated from the 2D scattering patterns, which were azimuthally averaged at each 
reflection peak. The scattering intensity, I(q), against the scattering, q, was plotted using 
the formula q =(4 sin𝜃)/𝜆 where 𝜃 is half of the scattering angle and 𝜆 is the wavelength of 
X-ray radiation and half of the scattering angle. The capillary, buffer, and DNA scatter 
orders of magnitude lower than the Au and Fe3O4 nanoparticles, hence the latter were all 
regarded as insignificant for the total SAXS data. 

 

4.3.12 Crystallization of magnetic nanoparticles 
The method developed was based on previous methods for the formation of AuNP 

superlattices, with modifications. 7, 45 Excess DNA was removed from DNA-functionalized 
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MNPs using three rounds of centrifugation, with each round followed by supernatant 
removal and redispersal of the resultant DNA MNPs pellet in 0.01 % SDS. After the final 
centrifugation and supernatant removal, nanoparticles were redistributed in 2.5 mM 
phosphate buffered saline (PBS), 0.5 M NaCl, and 0.1 % SDS. The concentrations of NaCl 
and PBS are then adjusted to the desired values (described in the following section) before 
adding the linker to ensure that the nanoparticles are stable and do not precipitate. Then, at 
room temperature, the MNP solutions were mixed with DNA linkers with a self-
complementary sticky end (5'GCGC3'). In most cases, DNA linkers were introduced in a 
50:1 ratio to the number of DNA strands covalently connected to MNPs. After mixing the 
DNA linkers, the solution mixture was allowed to settle at 25 °C for 30 minutes to achieve 
maximum aggregation. To promote the formation of double-stranded DNA helices 
consisting of the DNA linker and the corresponding sequence, the solution was heated to 
70 °C and then slowly cooled back to 25 °C at a cooling rate of 0.1°C every 10 minutes. A 
96-well thermal cycler was used for all slow-cooling experiments. The entire slow cooling 
process usually takes about 3 days to finish. 
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4.4 Results and Discussion 
4.4.1 Iron oxide nanoparticle synthesis 

Thermal decomposition was used to successfully create the magnetic iron oxide 
nanoparticles. This synthesis approach offers a flexible platform for the production of 
oxide-based nanoparticles, particularly iron oxide nanoparticles, by thermally 
decomposing organometallic precursors in organic solvents with surfactant capping agents 
in an inert atmosphere. The size, polydispersity, and shape of the nanoparticles can be 
controlled by altering the ratio between the capping reagent or surfactant, the kind and 
quantity of the organic solvent, as well as the temperature. For instance, some researchers 
have indicated that the smaller the particle, the higher the ratio of the surfactant and solvent 
to the precursor. 47 The reason for this is that in the thermal decomposition reaction 
synthesis of Fe3O4 nanoparticles, a decrease in solvent volume causes early saturation of 
the oxide-based nuclei, allowing more reactants to participate in the growth process, which 
results in larger particles. When the solvent volume is larger, more nuclei are required to 
accomplish saturation at the expense of the iron salt precursor, resulting in smaller Fe3O4 
nanoparticles. A similar idea can be used to explain the surfactant effect. In high 
surfactant/metal ratios, more surfactant is equivalent to a larger volume of solvent, and 
more nuclei are required to reach saturation, resulting in small nanoparticles. Larger 
particle sizes are also a result of higher temperatures. 43, 48 The TEM image of the 
monodispersed nanoparticles is shown in Figure 9a. The hydrodynamic size of the 
nanoparticles is illustrated in Figure 8b, both measurements consistently show a mean 
particle size of ~10 nm, despite a relatively small DLS aggregation peak near 70 nm. 

 
Figure 43a. a) TEM image of iron oxide magnetic nanoparticles. The average size according to TEM is 
around 11 nm in diameter. Characterization is done with TEM JEM 2010 imaging. B) dynamic light 
scattering of iron oxide nanoparticles. 
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4.4.2 Gold coating of magnetic nanoparticles 
At neutral pH, Fe3O4 NPs have a low surface charge and a high surface area to 

volume ratio, which often causes aggregation. Iron oxide (Fe3O4) nanoparticles are 
commonly produced by thermal decomposition methods. In the presence of oleic acid and 
oleylamine, the iron precursor is effectively reduced with 1,2-hexadecanediol to produce 
small, monodispersed Fe3O4 nanoparticles. Gold coating of iron oxide nanoparticles is also 
done through a thermally active hetero-interparticle coalescence method by using 
oleylamine and oleic acid as capping agents. 49 The control of several factors, including the 
rate of reaction temperature increase, reaction time, and precise reaction temperature 
control, is essential for the successful synthesis of core-shell nanoparticles. Based on 
previous studies, temperature is expected to play a key role in both the partial desorption 
of the Fe3O4 nanoparticle stabilizing agents and the ability of the reduced gold precursor 
to directly coat the exposed iron oxide nanoparticles. The partial desorption of the capping 
agents only occurs at a specific temperature, and if the temperature is increased too fast, 
the Fe3O4 NP surface cannot act as a nucleation site for gold coating, and Au nanoparticles 
may begin to form instead. Therefore, for a successful coating, the temperature must be 
raised slowly in 10 oC/min increments until it reaches 180-190 oC. 50, 51 The solution must 
be maintained at this temperature for another one and a half hours for complete shell 
formation. Studies have also shown that the shell thickness could be controlled by careful 
adjustment of the Au:Fe3O4 ratio.52 The gold coating of iron oxide nanoparticles was done 
by reduction of an Au precursor (HAuCl4) at a 1:4 ratio, which was used to fully coat the 
surface of the MNPs. The nanoparticles were then purified three times using a rare earth 
magnet and redispersed in anhydrous toluene.  

The SEM image of gold-coated nanoparticles is shown in Figure 10. The average 
size of the nanoparticles is increased by ~3 nm, leading to an overall size of 13.4±1.7 nm. 
To make sure these particles are not gold nanoparticles generated during the gold coating, 
a STEM-EDX measurement was performed. 

 

 
Figure 44. SEM micrograph of Fe3O4@Au at 3kv, the size of the particles is 13.4±1.7 nm. 
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Scanning transmission electron microscopy (STEM-EDX) energy dispersive X-ray 
analysis on discrete particles (Figure 11) reveals the colocalization of Au, oxygen, and Fe 
signals as well as the smooth and nearly spherical morphology. Therefore, these results 
showed that gold was successfully coated onto the Fe3O4 nanoparticles. 

 

 
Figure 45. Scanning transmission electron microscopy (STEM-EDX) energy dispersive X-ray analysis on 
gold-coated MNPs. The elemental analysis shows the presence of Au, Fe, and oxygen. 

The gold-coated MNPs were then functionalized with DNA in a one-step phase 
transfer ligand exchange shown in Figure 12. For this phase transfer reaction, thiol-
modified DNA ligands in water with 0.01% SDS were mixed with Au@Fe3O4 magnetic 
nanoparticles in toluene and shaken overnight to reach maximum DNA loading. 
Unfortunately, lack of access to ICP makes it impossible to find the precise concentration 
of synthesized Au@Fe3O4 and therefore adjust the DNA:MNP ratio to get monodispersed 
nanoparticles. Gold-coated nanoparticles purchased from Nanopartz were used for 
superlattice formation. 
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Figure 46. Schematic of DNA functionalization of gold-coated magnetic nanoparticles by phase transfer 
ligand exchange. 

XPS analyses of the 10 nm iron oxide nanoparticles and the 13 nm gold-coated iron 
oxide nanoparticles are shown in Figure 13. The oxygen 1S peak was observed at around 
530 eV, which could be attributed to the core iron oxide nanoparticles. Spin orbital doublets 
Au 4f 5/2 and Au 4f 7/2 appeared for the gold-coated particles with signals at binding energy 
values of 83.35 and 84.95 eV, which are known oxidation values of gold in the ground 
state. The bands at 710.0 eV and 724 eV, respectively, were attributed to the Fe 2P3/2 and 
2P1/2 states, which correspond to the bulk iron ground state. 

 

 
Figure 47.XPS measurement of iron oxide (a) and gold coated iron oxide (b). 
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4.4.3 DNA directed crystallization of gold-coated magnetic 
nanoparticles 
4.4.3.1 The effect of temperature  

 The starting temperature of the slow cooling crystallization and the rate of 
cooling were initially chosen based on previous reports on the crystallization of AuNPs.30, 

37, 45, 46, 53 In these studies, first the Au nanoparticles are precipitated through DNA-assisted 
self-assembly, then through a thermal denaturation, the aggregates are gradually heated 
from room temperature while monitoring the absorbance at 520 nm at a rate of 0.25 degrees 
per minute. The absorbance peak at 520 nm indicates that particles are dispersed in the 
solution, and the temperature at which this transition takes place is the superlattice's 
melting point. Based on these studies, I tested temperatures in a range of 52-65oC. The 
products of the thermal anneal were then imaged using SEM. At these temperatures, no 
ordered structures were observed (Figure 13). This disagreement with the literature shows 
that the Tm of these structures was above 65 oC, which could possibly be due to magnetic 
attraction between these particles, raising the melting temperature. Also, the tested particles 
were about 20 nm in size, making the magnetic interaction stronger compared to the smaller 
nanoparticles studied in these reports. Therefore, the temperature was eventually raised to 
70oC, at which superlattice crystals were observed (Figure 14.b). 

 

 
Figure 48.a) product of thermal anneal from 52oC to room temperature. b) product of thermal anneal from 
65oC to room temperature. 

4.4.3.2 The effect of salt 
According to the Schildkraut-Lifson equation,54 the salt content controls nucleic 

acid hybridization. Due to the negatively charged nucleic acid backbones, the addition of 
cations modulates the interaction between the DNA strands, reduces the inter-strand 
repulsion, and therefore facilitates DNA hybridization.53, 54 Previous reports on the 
crystallization of Au nanoparticles have reported the use of 0.5 M NaCl or 0.5M PBS; 
however, these conditions did not apply to the gold-coated magnetic nanoparticles, and 
complete precipitation of the particles was not observed under these conditions, possibly 
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due to the additional magnetic interactions involved in our crystallization. Therefore, I 
tested a variety of different salt conditions. Figure 13 shows the aggregation of 
nanoparticles after the addition of the DNA linker strand. The nanoparticles are dissolved 
in a solution containing different amounts of salt: N1: 1.57 M NaCl, P1: 0.15 M PBS, and 
P2: 0.093 M PBS. Before the addition of salt, all three solutions are stable. After the 
addition of DNA linker in 50× excess, they start to aggregate and precipitates form in the 
bottom of tubes. After a few rounds of centrifugation and removal of excess DNA, 
followed by redispersal in a solution containing 2.5 mM phosphate buffered saline (PBS), 
0.5 M NaCl, precipitates are still present in all three solutions, even though the N1 solution 
shows a slight sign of dissociation, suggesting that the presence of PBS could be necessary 
to form more robust aggregates.  

 
Figure 49. Aggregation of MNPs as a result of hybridization between the DNA linkers and ligands. a) before 
the addition of linker nanoparticles are stable in solution. b) after the addition of linker nanoparticles 
precipitate. c) the aggregates are more stable in solutions containing phosphate buffer. 

Even though aggregation takes place at a variety of different salt concentrations 
(Table 1), unfortunately this aggregation doesn’t always lead to ordered crystal structure. 
Table 1 shows the variety of conditions that were tested. Only the conditions in which 
0.066 M PBS and 1 M NaCl were used led to superlattice formation. The SEM of these 
conditions is shown in Figure 16. At lower salt concentrations, even though aggregation 
and local order (Figure 16 a and c) are observed, the aggregation of the nanoparticles does 
not lead to ordered structures, possibly because the electrostatic repulsion between the 
DNAs is insufficiently screened, making the ordered lattice too unstable to form. On the 
other hand, too high a salt concentration may reduce the repulsive forces too much, causing 
the nanoparticles to aggregate irreversibly. Additionally, this experiment demonstrates that 
NaCl has a greater ability to modify the interparticle forces necessary for crystallization. 
Overall, these preliminary results suggest a complex interplay between a variety of forces, 
including electrostatic, van der Waals, base pairing, and magnetic dipole-dipole 
interactions, is responsible for the formation of superlattices. They also suggest that a 
delicate balance between various attractive and repulsive forces is needed for the ordering 
process.      
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Table 2.Different salt conditions for MNPs crystallization. 

 

 
Figure 50.crystallization of MNPs under different salt conditions slow cooling from 70oC to room 
temperature at the rate of 0.1 oC/10 min. a) NaCl 1 M, PBS: 0.0066 M, b) NaCl 0.65 M, PBS: 0.066 M, c) 
PBS: 0.0066 M, d and e) NaCl 1 M, PBS: 0.066 M. 

In order to better characterize the crystal structures, we also performed FFT and 
image analyses using ImageJ (Figure 17). In the case of a FCC superlattice image, we 
would expect to see a pattern of bright spots arranged in a specific pattern that corresponds 
to the diffraction pattern of the superlattice, which is a characteristic of its crystal structure. 
The diffraction pattern of a FCC lattice has a characteristic cubic symmetry, with spots 
arranged in a series of concentric rings around the center of the pattern. The rings 
correspond to the planes of atoms in the lattice that are oriented perpendicular to the 
direction of the incident beam. The spots on each ring are arranged in a specific pattern, 
which is related to the spacing between the planes of atoms in the lattice. For the (111) 
plane of an FCC lattice, the diffraction pattern consists of six sharp spots, which are 
surrounded by additional spots arranged in a circular pattern. 

Figure 17.a depicts the FFT of a few ordered domains; despite the image's low 
resolution, which makes analysis difficult, the pattern resembles the diffraction pattern of 



 

 

141 

a FCC lattice. These analyses reveal that the superlattice patterns exhibit, on average, 
lattice fringes of 22.6 ±1.2 nm and a nearest neighbor distance of 25.5±1.3 which is close 
to the predicted values of 29.52 nm. 55  

 
Figure 51.Fast Fourier transform image analysis of a) superlattices b) irregular aggregates using ImageJ 
shows lattice spacing of 29.4±2.5 nm. 

4.4.4 SAXS measurement 
The SAXS measurement of gold coated magnetic nanoparticles from 70oC to 25oC 

and crystalized at NaCl 1 M, PBS: 0.066 M is shown in (Figure 16.b). The diffraction peaks 
are similar to those in the SAXS data of previously reported crystalized 20 nm gold 
nanoparticle in FCC superlattice (Figure 16.a).  

A face-centered cubic (FCC) lattice is a type of crystal lattice that consists of a cube 
with a lattice point at each corner and an additional lattice point at the center of each face 
of the cube. When X-rays are scattered by an FCC lattice, the resulting pattern typically 
exhibits several peaks. Specifically, an FCC lattice gives four Bragg peaks in the small-
angle X-ray scattering (SAXS) pattern. These peaks correspond to the (111), (200), (220), 
and (311) planes of the FCC lattice. The (111) peak is the strongest and appears at the 
highest scattering angle, while the (200), (220), and (311) peaks are weaker and appear at 
lower scattering angles. As shown in Table 2, the experiment shows three peaks that 
correspond to d111, d220, and d311. The peak corresponding to d200 seems to be missing in 
our results, which could be due to a variety of factors such as the low resolution of the 
instrument, sample structure, experimental conditions, or X-ray beam quality. In SAXS 
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experiments, the peaks in the scattering intensity versus scattering vector (I vs. q) plot 
correspond to the positions of the Bragg reflections, which are characteristic of the 
repeating units of the crystal lattice. The distance between the peaks in the I vs. q plot is 
proportional to the lattice spacing of the crystal. 

 

Miller 
indices (hkl) 

q (Ao) d (Ao) 

(111) 0.02 314.15 

(220) 0.03 209.44 

(331) 0.05 125.67 
Table 3.summary of diffraction peaks and calculated lattice spacing. 

 
To determine the exact lattice spacing, we can use the Braggs law equation (2), 

which relates the interplanar spacing (d) of a crystal to the wavelength (λ) and scattering 
angle (θ) of X-rays. By using basic geometry and the wave properties of X-rays, we can 
then obtain equation (4), where q is the scattering vector and d is the lattice spacing. The 
scattering vector (q) is defined as the difference between the wave vectors of the incident 
and scattered X-rays. For a crystal lattice with planes separated by distance d, the incident 
X-ray wave is diffracted by the planes to produce a scattered wave that interferes 
constructively only if the path difference between the two waves is an integer multiple of 
the wavelength λ. This condition can be expressed as: 

2d sinθ = nλ                     (2) 
By measuring the position of the peaks in the I vs. q plot and converting the values 

of q to real space distances using this equation, we can obtain the interplanar spacing of 
the crystal. Interplanar spacing (dhkl) is the distance between the planes of atoms in a crystal 
structure. It can be calculated from the positions of the Bragg peaks in the X-ray diffraction 
pattern and is related to the Miller indices of the crystal planes that give rise to the peaks. 

d = λ/(2 sinθ)                    (3)                                                          

Using the wave vector k = 2π / λ and the definition of the scattering vector q = (k'-
k), where k' is the scattered wave vector and k is the incident wave vector, we can write: 
q = 2k sinθ                    (4)                                                            

q = 2π/d                    (5)                                                                 
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Figure 52.a) fcc superlattice of 20 nm gold nanoparticles.56 b) fcc superlattice of 20 nm gold coated iron 
oxide nanoparticle. 

Also, for a face-centered cubic (FCC) lattice, the interplanar spacing (d-spacing) 
between (hkl) planes can be related to the lattice parameter (a) using the following 
equation: 
dhkl = a/√(h2+k2+l2)                 (5)                                                   

where h, k, and l are the Miller indices that define the (hkl) planes of interest. The 
Miller indices are integers that represent the orientation and spacing of the crystal lattice 
planes and are related to the diffraction angles and the interplanar spacing. Based on our 
experimental data for (111), plane q is about 0.02 (A-1), therefore the lattice spacing (d111) 
would be around 314.15 Aº. Consequently the lattice parameter is estimated to be around 
568.22±34.09Aº  

We can also measure the inter-particle distance (b), which is the distance between 
neighboring particles or molecules in a sample. It is related to the lattice constant in a 
crystal structure by the equation (5). 

b = a / √2                   (6)                                                     

Using the above equation, the interparticle distance would be 401.85±34.09Aº 

which is slightly longer than the estimated value of 295.2 Aº based on the size of the 
nanoparticles, the length of the DNA ligand, and the SEM results. This discrepancy 
between the SAXS and SEM results could be because SEM results may be affected by the 
sample preparation process, such as drying or annealing, which can cause shrinkage or 
distortion of the lattice. SAXS measurements, on the other hand, are performed on the 
superlattice in solution, which allows for the preservation of the lattice structure in its 
native environment.   
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4.5 Summary and Outlook 
By utilizing DNA-assisted self-assembly to organize gold-coated magnetic 

nanoparticles for the first time, this study opens a new window to explore spin ice behavior 
in thermally active systems and even their magneto-plasmonic collective behaviors. The 
small size of the particles would change the energy landscape of this system compared to 
EBL-fabricated artificial spin ices and may result in minimizing the energy barrier and 
realizing lower-energy states of matter in which exotic behaviors like spin-charge 
formation, spin liquid phase, etc. may emerge. 

Despite the lack of tools to precisely quantify the Tm of our fabricated 3D 
nanostructures, which is required information for making single crystals, I was able to 
make an FCC superlattice of 20 nm gold coated magnetic nanoparticles in this study. Using 
this architecture and the careful design of the DNA linkers and ligands, we can create 
different superlattices in the future, as well as introduce defects such as nonmagnetic or 
binary nanoparticles into the system and investigate how defects alter collective behavior 
and magnetic phases. As these particles are different than their ferromagnetic counterparts, 
this study may lead to the realization of new phases and states of matter that have not been 
observed before.  

The discussed method also enables tailoring the extent of frustration by carefully 
designing the lattice spacing or symmetry of the superlattice, which is difficult to achieve 
using conventional 2D or 3D patterning methods. Future works could also tailor other 
experimental techniques, such as magnetic susceptibility measurements, magnetization 
measurements, and neutron scattering, to provide information about the magnetic 
properties of these self-assembled nanoparticles, such as the magnetic moment distribution 
and the magnetic anisotropy. The exploration of these novel phenomena could lead to new 
applications in nanomagnetism, such as information storage and processing. 
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