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One of the fundamental challenges of nanoscience and nanotechnology today

is to organize nanoparticles, now increasingly recognized as ’artificial atoms’,

into higher-ordered structures analogous to molecules, polymers, and crystals.

Inorganic nanoparticles in particular have garnered significant interest for their

unique size- and morphology-dependent properties in the nanoscale, much un-

like bulk materials which typically possess constant physical properties. Fur-

thermore, the collective properties of nanoparticle assemblies in well-defined

spatial configurations and crystal lattices can result in a dramatically different

electromagnetic coupling profile among nanoparticles as compared to those of

materials in the bulk phase, isolated nanoparticles, and disordered nanoparti-

cle assemblies. The potential for a new generation of designer materials and

devices created from nanoparticle ”atoms” spurred on developments in the

nanoparticle assembly that included the rapid rise of DNA-based nanoparti-

cle assembly. DNA has long been investigated as genetic material but has

quickly emerged in the past decade as excellent ”generic” polymer that can

be potentially engineered to organize complex, functional systems through

self-assembly. Aside from its high monodispersity and outstanding stability,

DNA possess the unique advantage of programmability via Watson-Crick base-

pairing. In the last decade alone, DNA-based nanoparticle ”molecules”, ”poly-

mers” and ”crystals” have been successfully demonstrated in a variety of for-

mats, configurations and with different materials. In spite of the recent suc-



cesses, there is still a tremendous lack of understanding on the nanoscale in-

teractions that govern the assembly process, thus limiting the customizability,

complexity, and utility of the final assembled product. The works discussed

in this dissertation not only seek to challenge existing notions of DNA-based

assembly but also to provide new insights into DNA-based nanoparticle assem-

bly that could pave the way towards a blueprint for rational design of complex

nanoparticle assemblies. In the following chapters, we explore how nanoparti-

cles capped with linear DNA strands assemble into tunable crystals in various

formats by rational control over DNA length, DNA sequence and ionic envi-

ronment. In addition, we present how branched DNA can also be rationally

designed to direct the assembly of nanoparticle molecules.
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CHAPTER 1

INTRODUCTION

In this dissertation, I will utilize gold nanoparticles as a model system to

demonstrate how DNA can be rationally designed in both linear and branched

topologies to organize nanomaterials into higher ordered DNA-based struc-

tures. In the introduction, I will discuss how different topologies of DNA (linear,

branched and networked) have recently emerged for the fabrication of nanoma-

terials and existing applications in nanomedicine. Next, I will explore the con-

cept of nanoparticles as artificial atoms and the rationale for assembling them

into higher-ordered architectures, with a focus on plasmonic nanoparticles for

future optoelectronic applications. Finally I will explain why and how DNA

serves an an excellent nanoscale organizer for directing the assembly of plas-

monic atoms into molecules, polymers and crystals.

1.1 DNA as a designer material

The discovery of DNAs structure in the early 1950s was a milestone in the ad-

vancement of science which also paved the way for a new age of molecular

biology and genetics. Perhaps it is somewhat unfortunate that, in spite of its

key characteristics as a polymer, the term DNA has become synonymous with

genetics. Nevertheless, DNA has gained significant recognition in the recent

decades as an incredibly versatile generic material. Due to its remarkable phys-

ical and chemical properties, DNA can be easily engineered as a structural poly-

mer for bottom-up nanoscale synthesis [1]. Furthermore, the development of re-

combinant DNA technology and solid phase synthesis techniques has facilitated

the reliable mass production of DNA and spurred on the rapidly growing field
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of DNA nanotechnology. Mechanically, DNA is surprisingly robust. For ex-

ample, double-stranded DNA (dsDNA) is a relatively rigid molecule below its

persistence length of around 50 nm [2]. Furthermore, it remains stable at huge

aspect ratios, thus allowing long strands of DNA in the order of several hun-

dred micrometers to be used despite its diameter of only approximately 2 nm.

From a chemical perspective, DNA can be engineered, modified and processed,

unlike any other synthetic polymer, with angstrom-level accuracy using an ex-

tensive array of biochemical techniques [3]. A unique library containing thou-

sands of well-characterized enzymes is available for the precise manipulation

of DNA molecules [4]. Specifically, enzymatic cleavage and ligation processes

work with the precision of single DNA bases and thus facilitates the synthesis of

monodisperse DNA oligonucleotides and higher ordered structures with exact

lengths and sequences. In single-stranded DNA (ssDNA), each of the four bases

adenine (A), tyrosine (T), guanine (G) and cytosine (C) has a specific affinity to

its complement (A/T and G/C). These bases act as side-chains that can be engi-

neered in any order. Since the formation of matched base pairs is energetically

favorable, ssDNA strands containing complementary base sequences will rec-

ognize and bind to each other to form a dsDNA duplex (hybridization).

By exploiting this fundamental feature of DNA as a material, a plethora of

artificial DNA nanostructures can be designed and synthesized with molecu-

lar precision. In particular, DNA primary sequence design affords remarkable

control over the specifications of the secondary, tertiary structures assembled.

These characteristics not only make DNA an ideal designer material beyond its

conventional use as a genetic material, but also make it an excellent nanoscale

organizer for other materials such as proteins and inorganic nanoparticles.
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Although naturally occurring DNA is linear, rational design of single-

stranded oligonucleotides has enabled the realization of three polymer topolo-

gies, namely linear, branched and networked [5]. Each of topologies (see Fig-

ure 1.1)possesses unique features that can be employed towards the develop-

ment of novel hybrid materials. Linear DNA has traditionally been limited

to the fields of genetics and drug delivery, but is being increasingly utilized

in molecular recognition and diagnostic systems for its simplicity and distinct

binding characteristics. Branched DNA encompasses an extensive library of

unique structures that could be tailored individually or collectively for an as-

sortment of potential applications. In particular, DNA dendrimers represent a

unique class of branched structures for their multivalent termini that allow for

signal amplification and high-affinity targeting. Finally, networked DNA ar-

chitectures are structurally stable and provide a three-dimensional scaffold for

hybrid nanomaterials. Here, I will focus on DNA as designer material in the

context of the three polymer topologies and how their features can be tailored

towards organizing materials in the nanoscale.

1.1.1 Linear DNA

Linear DNA, the most basic DNA topology, has been utilized in the develop-

ment of new nanomaterials largely for the highly-specific recognition ability

that is inherent in Watson-Crick base-pairing. This capability in linear DNA

has been exploited for nanomedicine applications (e.g. oligonucleotide sensing,

pathogen detection, aptamer-based drug delivery and diagnostics and stimuli-

responsive hydrogels) and also for nanoparticle assembly [6–8]. The specificity

of DNA base-pairing arises from complementary sequences binding to each

3



Figure 1.1: Scheme showing the various topologies that can be achieved with
DNA.

other in the most energetically favorable fashion. Hence, DNA strands can

also be designed to displace existing bound strands or assemble into secondary

structures such as hairpin loops or G-quadraplexes [9]. Aside from the specific

recognition ability, both types of linear DNA (ssDNA and dsDNA) have dis-

tinct characteristics that can play significant roles when utilized as nanoscale

organizers. In particular, the persistence lengths of ssDNA and dsDNA are ≈2

nm and ≈50 nm respectively [2]. Thus, the flexibility of ssDNA and dsDNA are

dramatically different at the nanoscale level and can be paramount to the design

of a new DNA-based material.

In the recent decade, linear DNA has been developed for molecular diag-

nostic and gene regulation applications in the form of hybrid DNA-capped

nanoparticles. Oligonucleotides are used to protect the nanoparticle from ag-

gregation while affording the unique recognition specificity of DNA to tar-
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get sequences. Compared with conventional probes used in molecular diag-

nostics, oligonucleotide-functionalised AuNPs have achieved higher sensitivity

and selectivity, lower cost and greater ease of detection [10]. From a materi-

als perspective, AuNPs are relatively easy to synthesise and are biocompati-

ble [11]. Mirkin and co-workers first described a method of organizing AuNPs

into macroscopic aggregates using DNA as linkers through thiol bonds [12].

Subsequently, DNA-modified AuNPs were employed as a scaffold to develop a

highly selective, colorimetric polynucleotide-detection technique [13]. AuNPs

aggregated in the presence of complementary target ssDNA in solution as a

result of DNA hybridisation, inducing a red-to-purple colour change which en-

abled the precise detection of as little as 10 femtomoles of the target sequence

[14]. Oligonucleotide-modified AuNPs have also been used as gene regulation

agents with improved stability and efficiency of gene knockdown [7].

DNA also acts as an excellent material interface between inorganic nanopar-

ticles and biological materials. For example, a molecular ruler was created by

using dsDNA as a rigid tether on a single AuNP, enabling label-free and real-

time measurements of protein-DNA interactions at an extremely high resolu-

tion [15]. Niemeyer and coworkers have also utilized DNA as an intermediate

linker for organizing protein-nanoparticle conjugates for immunological diag-

nostics [16, 17]. Notably, the binding and dissociation of proteins from the sur-

faces of DNA-nanoparticle conjugates under physiological conditions indicated

that the biological activity of the protein was not compromised [18]. Besides

AuNPs, quantum dots (QDs) have also been conjugated with ssDNA for ultra-

sensitive detection of DNA in a separation-free format [19, 20].

Linear DNA can also be used as a trigger to active responses in nanoma-
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terials. In particular, the incorporation of ssDNA into hydrogels has also led

to novel systems that exhibit a bulk response triggered by the presence of tar-

get ssDNA [21–24]. For the purposes of our discussion, we make a distinction

between DNA-based hydrogels and DNA hydrogels. We define a DNA-based

hydrogel as one in which DNA takes on the role of a cross-linking agent or is

chemically grafted into the hydrogel matrix. Since the function of these struc-

tures is mediated by the hybridisation of linear DNA, we categorise DNA-based

hydrogels under the linear DNA topology. In contrast, we regard a DNA hy-

drogel as a hydrogel in which DNA acts as the primary structural unit. The

resulting structures are categorised under the network topology (see the section

titled DNA networks).

Stimuli-responsive DNA-based hydrogels can constructed by first chem-

ically modifying the terminus of ssDNA with a polymerisable group (such

as an acryl group) and then co-polymerising with other monomers. Co-

polymerisation of single-terminus modified ssDNA results in grafted polymers,

in which the ssDNA can be treated as a functional side-chain. Langrana and

co-workers have used grafted ssDNA as a means to control the cross-linking

of polyacrylamide [21, 22]. Two different sequences (SA1 and SA2) were mod-

ified with Acrydite (Integrated DNA Technologies, Inc.) at their 5 ends and

co-polymerised separately with acrylamide. A target sequence, L2, was de-

signed to be partially complementary to SA1 and SA2. When L2 was added

to the mixture of the polymer batches, it was able to cross-link adjacent SA1 and

SA2 polymer chains. It was found that gelation occurs above a critical target

concentration of L2. Furthermore, addition of a removal strand, R1, that could

hybridise completely with L2 was shown to disrupt the cross-linking and return

the gel to a liquid state, demonstrating reversible transitions that do not require

6



heating or chemical species that break covalent bonds

1.1.2 Branched and Dendrimer DNA

Branched DNA junctions, through the rational design of single-stranded

oligomers, have paved the way for intricate DNA-based nanostructures that

could not be realised with linear DNA alone. The expanded utility of branched

DNA architectures arises from the multiple termini that are available for func-

tionalisation by different moieties. In addition, this allows for further hybridi-

sation between branched DNA subunits resulting in more complex two- and

three-dimensional (3D) DNA structures beyond the one-dimensional strands

afforded by linear DNA. Nevertheless, despite the expanded utility of these

branched structures, there is still much less understanding of the material prop-

erties of branched DNA as compared to linear DNA.

Seeman and colleagues pioneered the assembly of branched DNA nanos-

tructures that mimic four-armed Holliday junctions that exist transiently in the

cell. Holliday junctions are unstable due to the internal sequence symmetry

that allows for migration of the branch point during genetic recombination [1].

By designing oligonucleotides with partial complementary sequences and spe-

cific sequence-symmetry constraints, Seeman’s group assembled the first syn-

thetic four-armed DNA junction [25]. This seminal work has inspired an as-

sortment of novel branched DNA architectures, including various DNA shapes

(cubes, octahedrons, hexagons, etc. [26–28]), DNA catenanes and knots [29] and

multi-armed branched DNA structures [30–32]. Early branched DNA junc-

tions, however, suffered from high conformational flexibility, preventing the
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formation of regular superstructures made from DNA junctions. As a solution,

Seeman and co-workers developed more rigid motifs based on the concept of

crossover hybridisation. Here, two or three helices of DNA were connected

by cross-allocation of one or more strands, resulting in double-crossover (DX),

triple-crossover DNA (TX) and paranemic crossover (PX) architectures [33–35].

Branched DNA molecules have also inspired the construction of more complex

structures, such as DNA nanomachines [36].

While a thorough treatment of the potential applications of branched DNA

is beyond the scope of this discussion, we focus on recent efforts to incor-

porate branched architectures into biological systems. Inspired by Seeman’s

work, we have designed branched DNA structures, namely three- and four-

armed branched DNA (Y-DNA and X-DNA, respectively), and have success-

fully utilised them in biological and biomedical applications. In collaboration

with the Baird group, trivalent Y-DNA was used as a tool for assessing struc-

tural and spatial constraints in receptor-signal initiation [37]. In this study,

trivalent Y-DNA functioned as rigid spacers between 2,4-dinitrophenyl (DNP)

groups that bind specifically to anti-DNP IgE on RBL mast cells. The Baird

group found that cellular degranulation, tyrosine phosphorylation responses

and calcium mobilisation were all affected by the length of the Y-DNA spacer

used. These results are also a clear demonstration of how DNA can be useful in

biology for structural, rather than genetic, purposes.

In the classification of polymeric topologies, dendrimers are considered a

subgroup of the branched topology [5]. Based on molecular recognition prop-

erties of multivalent DNA subunits, it is possible to rationally design DNA

dendrimers. We first reported the controlled assembly of dendrimer-like DNA
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(DL-DNA) from the ligation of Y-DNA building blocks to each other [38]. We

demonstrated that these stable and monodisperse DL-DNA structures could be

produced through a robust and efficient assembly process for up to five den-

drimer generations. To create these structures, the Y-DNA building blocks were

designed to have non-palindromic cohesive ends to eliminate the occurrence of

self-ligations and to ensure uni-directional ligations with each increasing gener-

ation. The multiple end termini of the DL-DNA can be attached to various lig-

ands and molecules, and can easily be tailored to be either anisotropic for multi-

valent signalling or isotropic for signal amplification. These DL-DNA construc-

tions are a clear example that novel functional nanostructures can be assembled

with control and precision through the manipulation of DNA. By ligating a com-

bination of fluorophores and a molecular probe to the terminal ends of the den-

drimer structure, we created nanobarcodes with fluorescent signals unique to a

specific probe sequence [39]. We demonstrated that these DNA nanobarcodes

could be used for highly efficient multiplexed detection of pathogen DNA (e.g.,

anthrax, Ebola and the severe acute respiratory syndrome (SARS) viruses) with

attomole detection limits in less than a minute. In addition, the terminal ends

of DL-DNA can be designed to be isotropic and conjugated to a specific fluo-

rophore to create a highly amplified signal. Single-molecule diffusion studies of

DL-DNA have also been performed to investigate its behaviour as a potential

drug-delivery material [40, 41].

The modularity of the assembly of DL-DNA allows for different functional

moieties to be precisely placed, which enables the construction of building

blocks that are both multivalent and anisotropic. This strategy was recently

used to assemble anisotropic, branched, and cross-linkable monomeric units

(ABC-monomers) for the purpose of sensitive pathogen detection [42]. The
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monomers consisted of colour combinations of QDs, photo-cross-linkable moi-

eties and sticky ends for ligation to a target sequence. The sticky ends were

designed to hybridise with pathogen DNA sequences, which resulted in the for-

mation of dimers. Upon ultraviolet (UV) illumination, the dimers polymerised

via their cross-linkable groups, forming spherical particles with unique fluores-

cent signals. Without the target DNA, polymerisation would not have occurred,

making this a novel technique for target-driven polymerisation.

1.1.3 Networked DNA

A network topology can be attained by cross-linking DNA, either through the

interaction of the DNA backbone with other materials or by self-assembly of

subunits based on sticky-end recognition. These approaches have resulted in

films, hydrogels and even 2D periodic lattices, all of which have numerous

prospective applications that are beyond the scope of this article.

What makes DNA networks particularly fascinating is that one can engi-

neer branched monomers that form highly ordered 2D arrays as well as 3D hy-

drogels a morphological versatility that cannot be realised with conventional

polymers. Self-assembled 2D crystals have been demonstrated with a variety

of different branched DNA motifs, including crosses, three-point stars and tri-

angular junctions, resulting in supramolecular structures with interesting tune-

able tiling patterns [34, 43–47]. Two-dimensional lattices have displayed much

organisational control over positioning of nanomaterials [48]. This has also been

demonstrated with biomolecules, as aptamer sequences have been incorporated

into rationally designed DNA architectures to produce periodically spaced pro-
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teins [49,50]. Programmable protein arrays may allow for studies of highly con-

trolled distance-based macromolecular interactions, which could prove useful

for drug design.

In addition, amorphous hydrogels have been assembled from branched

DNA subunits. We successfully demonstrated the first DNA hydrogel whose

assembly is governed by sticky-end recognition [51]. Using the same ratio-

nale behind DL-DNA, branched DNA-building blocks were designed so that

all arms had identical palindromic sticky ends. The sticky ends were then lig-

ated to form a 3D hydrogel network. Without CpG repeats within the sequence

of the DNA motifs, the DNA hydrogel is naturally biocompatible, biodegrad-

able and non-immunogenic, making it a promising candidate for drug deliv-

ery and tissue engineering [52]. In particular, it was observed that two drugs,

porcine insulin and Camptothecin, after encapsulation in the DNA hydrogel,

could be released in a controlled manner over time. Live mammalian cells,

such as Chinese Hamster Ovarian (CHO) cells, could also be encapsulated in

the gel and remain alive for up to 3 days later. The DNA hydrogel was even-

tually adapted into a cell-free, protein-producing hydrogel system (P-gel) [53].

DNA subunits were once again enzymatically cross-linked, but this time in the

presence of protein-encoding DNA with palindromic sticky ends. This resulted

in a DNA hydrogel with genes covalently linked within the matrix. With the

addition of cell lysates, P-gel was able to produce proteins with higher yield

and production efficiency (up to 300 times more efficient) than conventional

cell-free protein-synthesis systems. Furthermore, P-gel was utilised to produce

a variety of proteins, including reporter proteins, membrane proteins, kinases,

protein hormones and toxic proteins, all with comparable efficiency and yield.

The substantial improvement in protein production by P-gel was attributed to
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factors such as enhanced transcription, a higher surface-to-volume ratio and an

improved protection against degradation of the gene. For these reasons, P-gel

could be potentially used in high-throughput protein engineering or as an im-

plantable on-site protein-expression system in the future.

1.1.4 Outlook

DNA nanotechnology is rapidly growing with the realisation that DNA can be

as good a generic material as it is a genetic material. This paradigm shift has

opened up a plethora of options for manipulating and assembling DNA into

active constructions. The majority of these are individually or collectively engi-

neered from branched and linear DNA topologies. Some of the notable devel-

opments have included DNAzymes, DNA switches, DNA tweezers as well as

DNA walkers [54–57].

Nevertheless, directed self-assembly of DNA subunits into functional nanos-

tructures still remains a non-trivial task. The interactions between subunits are

particularly important in the formation of more complex structures. For exam-

ple, a delicate balance between stress and flexibility of individual subunits is

necessary for the formation of 2D lattices [58]. In contrast with 2D DNA net-

works, which generally require high rigidity, flexibility within DNA motifs is

favourable for producing amorphous, isotropic 3D gels. However, the bulk be-

haviour of DNA networks that comprise of monomeric subunits is difficult to

predict. Nevertheless, numerical models for the self-assembly of branched and

networked DNA structures could be helpful in the design process. One such

study showed that gelation is highly dependent on temperature and diffusiv-
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ity [59], indicating that it may be possible to optimise the conditions for which

the macroscale transitions of DNA nanoarchitectures are controllable. A greater

understanding of bulk behaviour of nanoscale subunits will be necessary for the

development of more complex architectures in the future.

Despite these challenges, substantial progress has been made over the last

decade in developing novel DNA nanoarchitectures. In this section, I have de-

scribed a contextual framework by which DNA architectures can be classified

based on their polymeric topologies. Each of these topologies possesses func-

tional characteristics that gear it towards a particular system, demonstrating the

versatility of DNA that make it an ideal candidate as an organizer in different

systems.

1.2 Nanoparticles: from artificial atoms to crystals

One of the fundamental goals of nanoscience and nanotechnology is to chal-

lenge the fabrication limit of building small structures for advanced materials

design, high-performance nanodevices and miniaturized electronics. For these

purposes, inorganic nanoparticles serve as excellent building blocks for their

unique optical, electronic, magnetic and catalytic properties [11, 60–63]. These

nanoscale properties arise from the unusually high surface area-to-volume ra-

tio of nanoparticles compared to bulk materials. Thus, unlike bulk materials

that typically possess constant physical properties, nanoparticles exhibit size-

dependent effects such as quantum confinement in semiconductor nanoparti-

cles, surface plasmon resonance in metallic nanoparticles and superparamag-

netism in magnetic nanoparticles. Notably, many of these unique properties
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can be tailored simply by tuning the size, shape and surface functionality of

the nanoparticles without having to change their material composition. As a

result, nanoparticles have been often described as ”artificial atoms” for their

distinct properties brought about by physical features such as size, shape and

surface functionality. To this date, significant progress has been achieved with

wet chemistry approaches to synthesis high-quality nanoparticles from a wide

range of inorganic materials including gold, silver, iron oxide and semiconduc-

tors [11, 60–63]. Synthetic advances have further enabled rational control over

nanoparticle morphology, thus affording control over the material properties

of these artificial atoms. These efforts have contributed to an rapidly growing

library of nanoparticle ”atoms”. Continued progress towards the creation of

novel nanoparticle ”elements” will enrich the library for metallic, semiconduc-

tor and magnetic nanomaterials, thus providing virtually an unlimited variety

of artificial atoms that could eventually serve as a blueprint for constructing

future designer materials and devices from individual nanoparticle ”atoms”.

While engineering the morphologies of the individual nanoparticle atoms

can give rise to unique material properties, additional properties may emerge

from the assembly of these artificial atoms into well-defined highly-ordered

structures. In particular, the collective properties of highly-ordered nanopar-

ticle assemblies that arise from the electromagnetic coupling among nanoparti-

cles [64] can be dramatically different from those of materials in the bulk phase,

isolated nanoparticles, and disordered nanoparticle assemblies. For example,

ordered silver nanoparticle arrays show coherent vibrational modes that only

appear in metallic nanoparticle superlattices [65], while synergistic effects in

semiconductor nanoparticle superlattices can lead to enhanced p-type conduc-

tivity [66]. Beyond two-dimensional and three-dimensional nanoparticle super-

14



lattices, novel enhancement effects can also be achieved from the assembly of

nanoparticles into discrete ”molecular” structures as well as one-dimensional

polymer structures. For example, gold nanoparticle dimers and trimers of dif-

ferent configurations exhibit dramatically different localized surface plasmon

resonance (LSPR) spectra, with each configuration corresponding to a unique

LSPR signature [67]. In addition, nanoparticle polymers assembled from silver

nanorods can be employed as plasmon waveguides for electromagnetic energy

transport [68]. This dissertation will focus on the use of metallic nanoparticles as

plasmonic atoms and discuss how DNA has and can be used as a linear and/or

branched designer material to facilitate the construction of these plasmonic su-

perstructures.

1.2.1 Plasmonic nanoparticles and assemblies

Plasmons are electron excitations that occur in metals and semiconductors in

response to electromagnetic waves, leading to the collective oscillations of con-

duction band electrons - a phenomenon recognized as plasmon resonance. Un-

like a bulk metal or an extended metal surface that does not restrict the propaga-

tion of plasmons, a metal nanoparticle imposes a boundary condition that con-

fines plasmons to finite volume due to its small size. These surface plasmons

can hybridize when nanoparticles are in close proximity, resulting in strong

near-field coupling and dramatic field enhancement effects which have pro-

found implications in sub-wavelength optics. This unique characteristic serves

as the foundation for the nascent field of nanoparticle plasmonics, which aims

to manipulate with precision the light-matter interactions at the nanoscale while

circumventing the diffraction limit, thus leading to novel materials for applica-
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tions such as miniaturized optoelectronic devices [62, 69, 70], sensors and pho-

tonic circuits [71] as well as medical diagnostics and therapeutics [72, 73].

From a theoretical perspective, while Mie’s theory of light scattering and

absorption by gold nanospheres was reported over a century ago [74], it was

only recently that improved computational approaches and theoretical devel-

opments have allowed the mapping of plasmon resonances in more complex

nanoparticles and assemblies, thus providing a blueprint for the design of plas-

monic nanostructures. Notably, a new theoretical paradigm known as plasmon

hybridization theory [75] draws upon the analogous behavior of plasmons in

metallic nanoparticle assemblies to electrons in quantum molecular orbitals,

and predicts that the plasmons on neighboring metallic nanostructures inter-

act, mix and hybridize just like electronic wave functions of simple atomic

and molecular orbitals. Building upon the theoretical guidelines from plas-

monic theory, one can envision a future of plasmonics in which nanoengineers

are able to rationally assemble elementary plasmonic nanoparticles (plasmonic

atoms) into well-defined plasmonic molecules, polymers and crystals with cus-

tomizable optical properties, in an analogous fashion to how chemist synthesize

molecules and crystals from atomic elements.
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An important prerequisite for the assembly of these materials is the pro-

duction of high-quality metallic nanoparticles with tunable size and control-

lable shapes to tailor their distinct plasmonic signatures. This can be achieved

through wet chemical synthesis techniques, in which careful optimization of

synthesis conditions allows rational control over nanoparticle sizes and mor-

phologies [77, 78]. The periodic table in Figure 1.2 highlights the substantial

progress in the synthesis of metallic nanoparticles, and reflects the diversity

of plasmonic elements in terms of shape and dimensionality. Each row il-

lustrates a different level of dimensionality and complexity, including spheri-

cal and rod-like shapes [79–85], 2D polygonal shapes [86–91], 3D polyhedral

shapes [92–96], branched structures [97–99], more complex structures, and hol-

low structures [73, 96, 100–104]. Within each row, the geometric order of the

structures (in terms of aspect ratio, number of sides and facets, or number of

branches) increases from left to right.

Although great strides have been made in synthesizing these elementary

building blocks, it remains a grand challenge to rationally assemble them into

well-defined molecule-like architectures. The unique base-pairing rules and

structural features of DNA allow it to surmount this challenge by acting as

an orchestrator of intermolecular forces in programming the assembly of plas-

monic nanostructures. A vast assortment of micro- and nanoscale DNA struc-

tures have been recently developed which allow for precise positioning of

plasmonic nanoparticles into well-defined architectures [1, 105–109] for various

biotechnological applications [110–114].

In the following sections, I will highlight the recent successes in DNA-based

construction of plasmonic molecular architectures from a materials design per-
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spective. First, I will introduce modern plasmonic theory to outline the basic

design principles, and then illustrate how various DNA motifs can be used as

powerful soft handles to manipulate plasmonic nanoparticles. I will then cover

ongoing DNA-based research in building well-defined plasmonic molecules,

polymers and crystals as well as discuss future directions.

Plasmonic theory for individual nanoparticles

A fascinating aspect of plasmonic atoms is that their optical properties are

strongly affected by structural parameters such as size and shape, as well as ma-

terial composition and the surrounding dielectric environment [115–117]. While

plasmons have been described by quantum theory, classical electrodynamics

such as Mie theory [118]can serve as a theoretical basis for predicting the plas-

monic characteristics of metallic nanoparticles. According to Mie theory, the

scattering cross-section for a metallic nanosphere is given by [119]:

Cext(ω,R) = 12π
ωR3ε3/2

m

c
ε2(ω,R)

[ε1(ω,R) + 2εm]2 + ε2(ω,R)2 (1.1)

where R is the radius, c is the speed of light, εm is the dielectric constant of

the surrounding medium (assumed to be frequency-independent), and ε(ω,R) =

ε1(ω,R) + jε2(ω,R) such that ε1(ω,R) and ε2(ω,R) are the real and complex parts

of the material dielectric constant, respectively.

Based on this equation, the size and dielectric properties of both the material

and environment are the dominant factors determining plasmonic signatures of

spherical metal nanoparticles. Hence, tuning the size of spherical particles is

one feasible way to engineer the position and strength of plasmonic resonance
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bands [120]. Furthermore, plasmons on isotropic spherical particles are dipolar

in nature result in only a single plasmon resonance peak. Thus, a more versatile

means of tailoring plasmonics is by engineering particle geometries to make

anisotropic shapes that can support multiple plasmon modes [121].

Gans’ extension of Mie theory from spherical shapes to both oblate and pro-

late spheroidal particles predicted two well-defined, distinct plasmon modes

for metal nanorods [122]. For more complex shapes, various numerical

modeling methods, such as T-Matrix, discrete dipole approximation (DDA),

finite-difference time-domain (FDTD), finite-element modeling (FEM), and the

boundary element method (BEM), have been developed. DDA, in particular, is a

powerful numerical tool widely used for investigating shape effects on nanopar-

ticle plasmonics as well as for providing practical guidelines for designing new

plasmonic shapes. In a DDA simulation, the particle and its surroundings are

discretized into elementary subunits that are modeled as dipoles. These sub-

units are then subject to polarization by the incident light, resulting in an electric

field that is induced by the collective polarization of the surrounding units. This

numerical method has been utilized for various geometries to better understand

how shape control can be used to tune the optical properties [123]. Notably, it

was observed that the number of resonant frequencies increased with the num-

ber of ways the shape could be polarized.

Although other parameters influence plasmonic properties, size and shape

are typically sufficient in practice for tailoring plasmonics. In general, qualita-

tive design rules for plasmonic atoms can be summarized as follows [123]: (1)

the resonance frequencies of spherical particles red-shift with increasing particle

diameter; (2) the resonance peak intensities for spherical particles increase with

20



increasing particle diameter; (3) the resonance frequencies for non-spherical

particles red-shift with increasing corner sharpness and particle anisotropy; (4)

the intensity of the resonance peak increases if charges separate with mirror

symmetry; (5) the number of resonance peaks increases with the number of

ways that the particle can be polarized. Using these design rules in conjunc-

tion with sophisticated synthesis techniques, one can now optimize the size and

shape to generate a virtually unlimited variety of plasmonic atoms.

1.2.2 Plasmonic theory for multi-nanoparticle systems

Assembling plasmonic atoms into well-defined molecule-like nanostructures

represents a significant aspect of nanoparticle plasmonics that is a prerequisite

for a spectrum of real-world applications that include optical routing and light-

switching at subwavelength scales in plasmonic circuits. Substantial research

efforts have sought to better understand interparticle plasmonic coupling with

spherical-shaped nanoparticles as a model system [123]. In general, plasmonic

coupling does not occur until the edge-to-edge interparticle spacing is less than

2.5 times the particle diameter. Near-field coupling between neighboring par-

ticles will result in enhanced electromagnetic fields that are confined to small

regions between nanoparticles, but decay rapid with increasing distance. For

metallic nanospheres, this results in a red-shift of the single-particle resonant

peak, which decays exponentially with increasing interparticle spacing until the

spectrum approaches that of a single particle [124]. El-Sayed and colleagues

proposed a universal relationship between the exponential decay of the spec-

tral shift with respect to interparticle separation [125], which is described by the

following empirical equation:
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∆λ

λ0
≈ 0.18exp

(
−(s/D)

0.23

)
(1.2)

where ∆λ
λ0

is the fractional plasmon shift and s/D is the separation-to-

diameter ratio.

Coupling between plasmonic modes in metallic nanostructures can be de-

scribed by electromagnetic theory but it is also similar to the way electron or-

bitals hybridize within molecules. Based on this insight, a plasmon hybridiza-

tion model was developed to describe the coupling between plasmon modes in

higher-ordered and more complex nanostructures [75,121,126]. With this theory,

plasmon resonances for complex shapes can be computed by deconstructing the

nanostructure into simple shapes for which the plasmon resonance is known,

and then eventually combining these resonances to generate hybridized modes.

For example, consider a hollow metallic nanoshell which can be decomposed

into two known geometries: a simple sphere and a hollow shell within bulk

metal. Hybridization of the plasmon modes in each of these geometries would

result in a splitting of the resonance peak, described by:

ω2
l± =

ω2
B

2

(
1 ±

1
2l + 1

√
1 + 4l(l + 1)(a/b)2l+1

)
(1.3)

where ωB is the plasma frequency of the bulk metal, l represents spherical

harmonic indices for multi-polar modes, and a and b are the inner and outer

radius, respectively.

Remarkably, the plasmon hybridization model can be used to not only pre-

dict the plasmonic behavior of nanoshells, but also to explain multi-particle

systems, such as dimers, trimers, and quadrumers [121, 127, 128]. To do this,
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interactions between multi-polar modes must be considered between each set

of modes for each nanoparticle in the system. For example, plasmon modes

in dimers form linear combinations when the particles are in close proximity,

resulting in bonding and antibonding plasmons. Consequently, the near-field

coupling between adjacent nanoparticles can result in the propagation of plas-

mons down one-dimensional nanoparticle chains (plasmonic polymers) a phe-

nomenon that has been observed experimentally by exciting plasmons at one

end and observing the energy transfer at the other end [49, 68, 129–131]. Fur-

thermore, the symmetries and orientations of individual nanoparticles in multi-

meric systems can also significantly influence the plasmon modes and resulting

optical properties [128,132–134]. For instance, it has been demonstrated that the

plasmon shift exhibited a cos2θ dependence based on the relative orientation of

adjacent nanorods (where θ is the angle between the interparticle axis and axis

of the longitudinal plasmonic mode of the rotated nanorod) [132].

1.3 DNA-based strategies for plasmonic assemblies

The earlier sections have described how plasmonic theory can predict the op-

tical properties of nanomaterials by reconstructing them from elementary com-

ponents while taking into account the hybridization of plasmon modes. By uti-

lizing this as a design principle, well-defined plasmonic materials could then be

rationally designed and then assembled from elementary plasmonic nanopar-

ticles, similar to how chemists design molecules. Nevertheless, despite the re-

cent progress in producing plasmonic atoms (Figure 1.2), the experimental tech-

niques for the assembly of these elementary metallic nanoparticles into well-

defined nanostructures remain largely limited due to immense difficulties in
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controlling nanoparticle bonding interactions. Unlike specific bonding interac-

tions among atoms, interactions between nanoparticles are very complex and

involve a variety of temporal and spatial forces, such as van der Waals, electro-

static, solvation/depletion, friction/lubrication, and capillary forces [135, 136].

In addition, most nanoparticles do not readily self-assemble into their ther-

modynamically lowest energy states, but rather form kinetically-trapped non-

equilibrium structures. One effective approach to minimize aggregation due to

the strong adhesion forces between hard nanoparticle cores is to coat them with

soft organic materials [137–139]. These soft corona layers can also be further

engineered to provide the appropriate balance of forces to direct the assembly

of highly-ordered nanoparticle structures. DNA, in particular, is an outstand-

ing material for nanoparticle corona engineering. Its unique molecular recog-

nition capability and structural versatility open up new opportunities for both

sequence- and structure-based corona engineering, respectively.

From a sequence-based perspective, the most important feature of DNA lig-

ands is specific Watson-Crick base-pairing, which provides controllable degrees

of hydrogen bonding that enable the adhesive forces between DNA coronae to

be systematically and precisely programmed [6, 140, 141]. Furthermore, this al-

lows inter-particle forces to be balanced in order to meet the thermodynamic

conditions for nanoparticle crystallization [142, 143]. However, even without

base-pairing, DNA can facilitate the crystallization of nanoparticles as a soft

compressible corona that can minimize the strong nanoparticle core-core attrac-

tive forces. Recent efforts have also demonstrated the versatility of DNA, with

and without base-pairing sequences, in its linear topology in directing the as-

sembly of nanoparticles under various conditions [144].
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Figure 1.3: Scheme depicting a plasmonic world brought about by the cover-
gence of DNA nanotechnology and nanoparticle engineering
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The DNA corona can be also engineered from a structural perspective. When

doing so, the relative thickness and mechanical strength of the corona are two

key parameters that affect how soft coronae deform when nanoparticles are

in close proximity, and thus the outcome of the nanoparticle assembly. One

straightforward approach to tailoring these parameters is to manipulate the

DNA ligand length, which can be finely and widely tuned over a larger range

than has been achieved with other organic ligands [144, 145]. Alternatively, the

mechanical deformability of coronae could be tailored by utilizing other struc-

tural forms of DNA nanotechnology. For example, double-stranded DNA may

improve the mechanical strength of soft coronae by virtue of its larger persis-

tence length compared to single-stranded DNA. In addition, rigid DNA motifs

(such as branched DNA, dendrimer-like DNA and DNA origami) could poten-

tially increase the stiffness of the DNA corona due to reduced conformational

flexibility.

With careful structural and sequence design, artificial bonds between ele-

mentary nanoparticles can be engineered to mimic chemical bonds between

atoms, as illustrated in Figure 1.3. Generally, these DNA-nanoparticle sys-

tems involve: (1) attractive van der Waals forces between nanoparticle cores

and ligands, (2) repulsive steric interactions between surface DNA ligands, (3)

electrostatic interactions between charged nanoparticle surfaces [146, 147], (4)

electrostatic repulsion between DNA ligands, and (5) attractive Watson-Crick

base-pairing. The complex interplay of these forces makes it difficult to control

nanoparticle assembly, but DNA ligand design can help to balance them. For

example, van der Waals forces can be balanced by steric effects and DNA ligand

length; electrostatic interactions can be controlled via ionic strength; Watson-

Crick base-pairing forces can be triggered by specific sequences and fine-tuned
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with the number density of DNA ligands and the number of DNA bases. By

controlling structural parameters in DNA coronae, unique molecular configu-

rations, ranging from simple dimer systems to 3D crystals, can be achieved.

An alternative to corona engineering is DNA template engineering a strat-

egy based on the self-assembly of DNA building blocks into well-defined, ad-

dressable scaffolds onto which nanoparticles can be organized. Inspired by

the transient Holliday junctions that occur during genetic recombination, a

plethora of sophisticated branched DNA, such as double crossover (DX) and

triple crossover (TX) molecules, have been designed to serve as rigid pieces that

can further assemble into complex tiling patterns [1, 148, 149]. Subsequently,

nanoparticles can be attached onto probe sequences inserted at specific locations

within each tile, resulting in ordered nanoparticle arrays [?, 106–108, 150, 151].

DNA origami can also be used to engineer almost any arbitrary pattern. While

conventional tile-based strategies typically involve the construction of DNA

tiles and subsequent self-assembly into tiled arrays, DNA origami employs a

versatile one-pot process to generate the scaffold. Rationally-designed short

single strands of DNA (staple strands) are used to direct the folding of a long

single strand into the desired shape [105]. This strategy has not only been used

to organize nanoparticles into discrete supramolecular architectures [152], but

is also capable of interfacing with top-down lithographic methods [153, 154].

In general, the templating strategies are advantageous in obtaining relatively

rigid structures and providing versatility in spatial control over placement of

nanoparticles. Nevertheless, these assemblies are sometimes limited in scale

and the complex interplay of nanoscale forces within the template could also

lead to structures deviating from the desired design. Furthermore, many of

these templated structures require specific buffer conditions that may not be
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compatible across multiple nanoparticle-ligand systems.

In general, the ubiquitous, yet specific, base-pairing rules, coupled with

rapid advances in DNA nanotechnology have granted comprehensive con-

trol over the structure and topology of DNA nanostructures. These advan-

tages make DNA powerful yet versatile handles that can be utilized as link-

ers, templates, and spacers, to facilitate the positioning of metallic nanoparti-

cles into highly-ordered nanostructures. In the following sections, I will dis-

cuss how DNA has been used to achieve plasmonic molecules, polymers, two-

dimensional and three-dimensional crystals.

1.3.1 Nanoparticle molecules

A critical step to constructing plasmonic, molecule-like architectures is the

capability to precisely control the arrangement of nanoparticles. This can

be achieved using DNA as a ligand (through monofunctionalization and

anisotropic functionalization) and/or as template for spatial positioning of

functionalized nanoparticles. To date, a diverse assortment of plasmonic

molecules has been synthesized by exploiting the specific recognition of DNA

(Panels 1-18, Figure 1.4).

Monofunctionalization (namely, attaching a single DNA strand to a sin-

gle plasmonic nanoparticle at a one-to-one ratio) is non-trivial as it typi-

cally involves careful rational design and substantial purification techniques

[6, 155–157]. In particular, it is exceedingly challenging to construct plasmonic

molecules from large metallic nanoparticles that are necessary for plasmonic ap-

plications. In a seminal work, Alivisatos and co-workers first demonstrated the
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feasibility of DNA-monofunctionalization by using ultra-small 1.4-nm nanopar-

ticles which only allow for a single ssDNA strand to be attached due to sur-

face area restrictions [6]. Consequently, these monofunctionalized nanoparti-

cles were assembled into discrete homodimeric and homotrimeric nanoparti-

cle molecules (Panel 2, Figure 1.4) via Watson-Crick base-pairing with ssDNA

template strands. Nevertheless, this strategy becomes significantly less feasi-

ble as the sizes and surface areas of the nanoparticles increase. Since surface

area restrictions no longer apply for larger nanoparticles, it is necessary to iso-

late monofunctionalized nanoparticles from stochiometric mixtures. Improve-

ments in experimental design and the use of electrophoretic isolation eventu-

ally led to the DNA-based assembly of larger monofunctionalized plasmonic

nanoparticles into homodimers (Panel 1, Figure 1.4) [155]. Aside from single-

component assemblies, multi-particle systems can also be assembled based on

the hybridization of DNA-monofunctionalized nanoparticles. For example, bi-

nary plasmonic molecules comprising of 5- and 10-nm nanoparticles have been

constructed in the form of heterodimers and heterotrimers in an assortment

of triangular, bent and collinear configurations (Panel 8, Figure 1.4) [155]. A

further development was achieved with the isolation of stable, large 20-nm

AuNPs monofunctionalized with short strands of ssDNA via HPLC purifica-

tion, which afforded the construction of plasmonic molecules with enhanced

surface plasmon intensities arising from low separation-to-diameter ratios [157].

Using an alternative route, Suh and co-workers functionalized 20- and 30-nm

AuNPs each with both a target-capture sequence and protecting sequences

[158]. At extremely low ratios of capture to protecting sequences (1:99 for 20 nm

nanoparticles, 1:199 for 30 nm nanoparticles), large monofunctionalized AuNPs

were obtained and subsequently assembled to generate a high yield of dimeric
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Figure 1.4: Plasmonic molecular nanoarchitectures rationally organized from
metallic ’nanoparticle atoms’. These spatially-directed assemblies include ho-
momeric molecules (Panels 1-6,13-17), heteromeric molecules (Panels 7-12), lin-
ear ’polymer’ chains (Panels 19-24), 2D crystalline patterns (Panels 25-29) and
3D nanoparticle crystals (Panels 30 and 31). [76]

molecules (Panel 7, Figure 1.4).

More complex plasmonic systems based on monofunctionalized nanoparti-

cles have been realized. For instance, chiral pyramidal groupings of plasmonic

molecules have been constructed from four individual nanoparticles monofunc-
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tionalized with distinct strands of ssDNA (Panels 4 and 9, Figure 1.4) [159].

Specifically, each of the ssDNA strands on four different-sized gold nanopar-

ticles were designed to be complementary to a third of the other strands such

that they hybridize around one entire face of a pyramidal configuration. With

this design, the degree of optical coupling within the three-dimensional plas-

monic molecule could be rationally tuned by manipulating the relative sizes of

the DNA scaffold and the nanoparticles used.

Anisotropic functionalization is another route that can generate a diverse

selection of discrete plasmonic molecules. Satellite-like plasmonic molecules,

consisting of a large 31-nm AuNP surrounded by multiple smaller 8-nm AuNPs

(Panel 12, Figure 1.4), were first experimentally observed upon hybridization of

complementary ssDNA strands that were isotropically functionalized onto their

respective nanoparticles [160]. Despite this observation, the lack of spatially-

directed organization often resulted in the formation of binary nanoparticle

aggregates rather than discrete nanostructures. This issue can be circum-

vented by employing a general strategy to anisotropically functionalize AuNPs

with ssDNA sequences based on geometric restrictions [140, 161, 162]. In one

approach, a large DNA-functionalized magnetic microsphere was employed

as a geometric restriction template for site-specific modification of smaller

DNA-AuNP conjugates, and also to facilitate the extraction and purification

of the functionalized AuNPs. With these anisotropic DNA-AuNPs, the di-

rected organization of nanoparticles into different configurations, such as cat-

paw, satellite and dendrimer-like heterostructures, were readily achieved (Panel

10, Figure 1.4) [162]. Similarly, large 32-nm isotropically functionalized sil-

ver nanoparticles (AgNPs) and small 5-nm AuNPs anisotropically function-

alized with complementary DNA sequences can self-assemble into bimetallic
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core-satellite plasmonic molecules. Another separate work reported a step-

wise high-throughput strategy for assembling nanoparticle molecules from

anisotropically-functionalized DNA-AuNP conjugates based on the geometric

restrictions imposed by a solid substrate [140]. Notably, this scalable and mod-

ular approach enabled large quantities of dimers or Janus nanoparticle assem-

blies to be generated in a reliable fashion for plasmonic applications (Panel 11,

Figure 1.4).

A key parameter influencing plasmonic properties of nanoparticles

molecules is the inter-particle spacing, which in principle can be rationally con-

trolled by DNA, but in practice is often subject to uncertainty due to the de-

formation of DNA molecules under various conditions. Rigid DNA scaffolds

can be constructed either by the integration of synthetic organic linkers into the

design [28,163] or by the use of DNA origami [152]. For example, the incorpora-

tion of a rigid 120o synthetic vertex in the middle of the functionalized ssDNA

strand restricted conformational mobility [28]. This afforded significant spatial

control over the arrangement of nanoparticles, thus allowing for the sequential

assembly of multimeric AuNPs in hexagonal configurations. This hybrid ap-

proach has also been extended to the assembly of binary nanoparticle molecules

in triangular and square configurations (Panel 3, Figure 1.4) [163].

The recent emergence of DNA origami technology has also provided an ef-

ficient template for organizing metallic nanoparticles into discrete multimeric

plasmonic molecules [109, 152–154, 164]. In particular, 20-nm AgNPs function-

alized with ssDNA strands were hybridized onto specific locations on pre-

engineered triangular DNA origami templates [109]. This strategy afforded pre-

cise control over the spatial position of the nanoparticles, forming heterodimers
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and heterotrimers in rationally designed configurations with tunable interpar-

ticle spacings from 94 to 29 nm (Panels 13 to 17, Figure 1.4). DNA origami

can also be designed to precisely assemble short self-similar chains of AuNPs

with decreasing sizes and separations for significant plasmon field enhance-

ments (Panel 18, Figure 1.4) [152]. The bottom-up DNA origami process has also

been combined with top-down lithography, enabling both addressability over

large areas and control over the orientation of the plasmonic assemblies [153].

Different aspects of DNA nanotechnology can also be assimilated into a syn-

ergistic platform for the assembly of nanoparticle molecules. Specifically, a

DNA-based nanoscale assembly line comprising of three distinct DNA com-

ponents DNA origami tiles, two-state crossover DNA cassettes, and a DNA

walker has demonstrated the capacity to perform stepwise controlled fabrica-

tion of nanoparticle molecules [164].

Other innovative methods for generating discrete plasmonic molecules have

also been reported. For example, mechanically-interlocking DNA catenanes

were designed using two ssDNA strands, each containing regions with com-

plementary sequences between both strands, that could individually ligate into

circular DNA structures [165]. As a result, when these strands were conju-

gated with AuNPs and subsequently ligated, they formed interlocked dimeric

nanoparticle molecules. Interestingly, due to the nature of linkage, the dimers

were stable even under denaturing conditions and could only be separated

upon restriction enzyme digestion. In another strategy, nanoparticle molecules

were assembled by performing PCR on the surfaces of AuNPs functionalized

with strands of primer sequences [166]. Notably, this strategy can generate a

variety of chiral, multimeric structures simply by controlling the primer den-

sity on AuNP surfaces and the number of PCR cycles used, without requiring
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monofunctionalization or anisotropic functionalization (Panel 5, Figure 1.4).

1.3.2 Nanoparticle polymers

One-dimensional (1D) regularly-spaced nanoparticles chains ”plasmonic poly-

mers” can be constructed in linear, helical and branched topologies by using

DNA as a scaffold. Nanoparticle can be organized into polymers either by spe-

cific base-pairing recognition or simply via electrostatic interactions onto DNA

templates. For example, rolling-circle amplification (RCA) was used to gener-

ate long, linear strands of ssDNA with addressable and repeatable binding sites

that served as templates for assembling AuNPs into periodically-spaced chains

(Panel 24, Figure 1.4) [167, 168]. Alternatively, nanoparticles can be positioned

onto a variety of one-dimensional DNA tile formats, typically consisting of DX-

and TX-DNA molecules with stem loops available for hybridization of DNA-

functionalized nanoparticles [106, 108, 150, 169].

One unique approach to obtaining nanoparticle polymers involved hy-

bridization of peptide-DNA conjugates onto a DNA nanotube scaffold [170].

The peptides were selected for their ability to bind metals and reduce metal

ions in solution, thus enabling template-directed nucleation and growth of 8-10

nm AuNP chains on the linear DNA scaffold. Electrostatic interactions between

cationic ligand-coated nanoparticles and the anionic DNA backbone can also

serve as a route to assemble nanoparticles. For example, AuNPs were organized

onto a linearized double-stranded -DNA template, resulting in the formation of

regularly spaced one-dimensional nanoparticle polymers [171]. Interestingly,

the interparticle distance in such non-specific nanoparticle polymer assembly

34



(Panel 19, Figure 1.4) can be controlled by the corona of ligands surrounding

the AuNPs rather than the sequence of the DNA template [172]. Using this ap-

proach, branched nanoparticle polymers can also be generated by assembling

nanoparticles onto a branched -DNA scaffold.

Helical nanoparticle polymers have also been constructed based on rational

design of the DNA scaffold. Specifically, by controlling the locations of stem

loops on DX-DNA tiles while considering the steric and electrostatic effects be-

tween nanoparticles, 1D spiral chains, double helices and even nested spiral

tubes were constructed (Panels 20-22, Figure 1.4) [108].

Nanoparticle block copolymers that respond to sequence-specific DNA

strands have also been generated by using DNA as a size-selective container.

Sleiman and colleagues rationally designed and synthesized DNA nanotubes

that allowed for significant control over the geometries, and featured alternat-

ing large (14 nm) and small (7 nm) capsules along the length of the tube [173].

AuNPs can be passively loaded into the respective capsules in a size-selective

manner during the formation of the DNA nanotubes (Panel 23, Figure 1.4), yet

can be actively released upon addition of eraser strands that trigger the selective

opening of capsules.

1.3.3 Nanoparticle crystals

Ordered two-dimensional (2D) arrays of metallic nanoparticles are typically

generated from DNA tile-based or origami templates, onto which a DNA-

encoded nanoparticle can hybridize. For example, four-armed branched DNA

tiles can be assembled in an A-B tile system, with tile A containing an exposed
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ssDNA oligo as a hybridization site. AuNPs functionalized with complemen-

tary ssDNA sequences can subsequently be patterned into a 2D array using the

A-B tile system as a template [107]. By modifying the sticky ends and overall

size of tile B, the 2D DNA template can be rationally designed to organize DNA-

functionalized AuNPs in different configurations [150]. 2D DNA scaffolding as-

sembled from DX-DNA tiles has also successfully templated the patterning of

DNA-encoded AuNPs into 2D arrays of aligned AuNP chains (Panel 25, Fig-

ure 1.4) [106]. Furthermore, a three-space-spanning DX-DNA motif was used

to generate ordered 2D arrays of 5- and 10-nm gold nanoparticles (Panel 26 and

27, Figure 1.4) [151].

In addition to the templated strategy, 2D plasmonic crystals can also be gen-

erated through a microhole-confined drying process. For example, 2D plas-

monic nanoparticle superlattices spontaneously formed on a silicon substrate

via micromold-regulated drying (Panel 28, Figure 1.4) [174]. 2D plasmonic

crystals can even assemble without any substrate support and exist in a free-

standing format (Panel 29, Figure 1.4) [145]. These free-standing superlattice

sheets were mechanically strong and exhibited both tunable mechanical and

plasmonic properties based on DNA ligand length. Interestingly, both of these

2D plasmonic crystal formats were stable constructs in a dehydrated state with-

out requiring any specific Watson-Crick base-pairing; rather, non-specific DNA-

DNA interactions were responsible for maintaining the integrity of these super-

lattice structures.

DNA molecules have also been successfully exploited to assemble three-

dimensional (3D) plasmonic nanoparticle crystals. Solely by programming

DNA sequences, plasmonic nanoparticles can self-organize into 3D crystals
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(Panel 30, Figure 1.4) with distinct lattice structures that are reversible on

changes in temperature [142, 143]. Specifically, nanoparticles could be assem-

bled via a single DNA linker strand that gave rise to equal binding affinities

between particles, resulting in a close-packed face-centered cubic structure; al-

ternatively, nanoparticles could be assembled via two different DNA linker

strands, resulting in a binary system that favored the formation of a non-close-

packed body-centered cubic structure. 3D plasmonic crystals have also been

constructed without any base-pairing in a drying-mediated self-assembly pro-

cess (Panel 31, Figure 1.4) [144]. Real-time small-angle X-ray scattering revealed

that the nature of DNA ligand interactions could temporally regulate the occur-

rence of nanoparticle crystallization. For example, crystallization of nanoparti-

cles capped with palindromic base-pairing ssDNA occurred at an earlier stage

of drying than those with non-base-pairing ssDNA. Based on these observa-

tions, 3D nanoparticle crystals can be fabricated with or without DNA base-

pairing to varying consequences. Furthermore, the construction of 3D DNA-

based plasmonic crystals in the dehydrated state represents a promising step

towards integration with solid-state lithographical structures.

1.3.4 Outlook

The rapid progress in the emergent, multi-disciplinary field of DNA-based plas-

monics that stems from the continued integration of nanoparticle synthesis,

nano-surface chemistry, DNA nanotechnology and lithography will soon lead

to real-world applications, such as sensing, waveguiding, and energy harvest-

ing. At present, gold and silver nanoparticle dimers have already been em-

ployed as robust molecular rulers for extended real-time monitoring of single
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DNA hybridization events [175]. Such plasmon rulers are particularly advan-

tageous over traditional fluorescent resonance energy transfer-based rulers as

they are not limited by signal fluctuations, photobleaching, or an upper distance

limit of 10 nm. Interparticle junctions between dimeric plasmonic nanoparticles

have also been engineered to enable highly-sensitive single molecule detection

based on strong surface-enhanced Raman-scattering effects [158]. Practically, it

is possible to scale up the fabrication of DNA-based plasmonic architectures by

improving yield since the synthesis, conjugation, and self-assembly of DNA-

nanoparticle systems are reactions typically limited by the availability of mate-

rials.

The DNA-based strategy for assembly of plasmonic nanoparticles can also

be extended to heterogeneous materials systems involving quantum dots, mag-

netic nanoparticles, carbon nanotubes, graphene, and other nanomaterial sys-

tems. For example, molecular chromophores [176] and quantum dots [177]

have been incorporated into arrays of plasmonic particles using DNA to pro-

vide control over interparticle distance. These hybrid systems have not only

been achieved in the form of heterodimeric assemblies [176, 177], but also in

3D superlattices for dramatic enhancements in optical properties [178]. Hence,

in addition to tuning plasmonic coupling, DNA can also be used to tailor the

coupling within heterogeneous material systems.

Engineering the shapes and sizes of individual plasmonic atoms and pro-

gramming their assembly into molecule-like architectures via DNA represent a

new paradigm in generating customizable optical nanomaterials. To date, DNA

has been by far the most successful molecule for guided assembly of elementary

plasmonic nanoparticles into an assortment of well-defined nanostructures. De-
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spite this progress, the exciting field of DNA-nanoparticle plasmonics is still in

its infancy. While the majority of reports on successful assembly of plasmonic

molecules have been predominantly limited to spherical building blocks, more

advanced surface modification methods must be developed in order to fully

exploit the vast library of available plasmonic atoms.

Nevertheless, these challenges can be overcome with further development in

nano-surface chemistry and DNA nanotechnology, thereby permitting both site

and stoichiometric control over the functionalization of anisotropic and com-

plex nanoparticles. Such capabilities will allow for precise spatial and vectorial

control over different-shaped nanoparticles to facilitate the coordination of so-

phisticated multi-particle systems in high-yield. Another challenge lies in the

interfacing of DNA-nanoparticle structures with solid-state devices. Plasmonic

molecules have typically been assembled and stabilized in aqueous buffered

environments, thus requiring careful design considerations when attempting to

interface with solid-state devices. However, recent success in combining DNA-

guided plasmonic structures with top-down lithography [145,153,174,179] is an

encouraging step towards the application of DNA-guided plasmonics in solid-

state electronics. Based on its versatility and immense potential as an organizer

of nanomaterials, we envision that DNA, beyond its genetic functions, will play

a critical role in shaping tomorrows optical and electronic devices by directing

the synthesis of highly-ordered designer materials.
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1.4 Significance of this dissertation

A fundamental goal of nanoscience and nanotechnology is to understand and

manipulate materials at the nanoscale in order to generate functional systems

or nanodevices [114]. The rapid progress in recent years towards this goal was

accompanied by the emergence of DNA nanotechnology, founded upon the in-

credible versatility of DNA as polymeric material ideal for precision engineer-

ing [?, 1]. As a polymer that can be synthesized with high monodispersity with

specific programmable base sequences, DNA has garnered significant attention

for its potential to organize complex, functional systems from the self-assembly

of nanoscale building blocks. DNA-based nanoparticle assembly and crystal-

lization in particular has been widely investigated for its potential to gener-

ate complex nanoscale materials for a plethora of applications [180, 181]. In

the last decade alone, DNA-based nanoparticle superlattices have been success-

fully fabricated with different lattice structures, in different formats and with

different materials [142–145]. Despite the recent successes, there is still a lack of

understanding on the nanoscale interactions that govern the assembly process,

thus limiting the customizability, complexity, and utility of the final assembled

product. For example, while tunable nanoparticle superlattices have been ob-

tained via DNA hybridization in buffered solutions [142,143], it remains a chal-

lenge to fabricate such superlattices in the dehydrated state for integration into

nanodevices. In the case of nanoparticle ”molecules”, while an assortment of

DNA-based strategies have been shown to each generate specific nanoparticle

configurations, there has yet to be a generic, customizable approach for fabri-

cating a predesigned ”molecular” configuration.

The works discussed in this dissertation seek to address some of these issues
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in DNA-based nanoparticle assembly. Linear DNA is the most common form

used in nanoparticle assembly, typically with specific sequences for Watson-

Crick base-pairing. However, this poses to be a double-edged sword – the pro-

grammability afforded by base-pairing typically requires buffered salt condi-

tions to be effective. As a result, DNA-nanoparticle assemblies achieved with

base-pairing are limited in utility to buffered environments and their transfer

to a dehydrated format for interfacing with nanoscale systems becomes non-

trivial. In Chapter 2.1, I discuss how spatial confinement can be utilized in

conjunction with drying-mediated assembly to direct the organization of DNA-

capped nanoparticles without any base-pairing, resulting in a dehydrated, 2D

free-standing nanoparticle superlattice. Drying-mediated assembly is an effec-

tive way to obtain nanoparticle crystals and assemblies but there is still a lack

of understanding and control over the complex interplay of forces and interac-

tions at work. In Chapter 2.2, I discuss the use of a novel technique that enabled

us to spatially map the profile of a DNA-nanoparticle colloidal droplet prior

to onset of drying effects. This provides key insights into the factors affecting

the formation of crystalline nanoparticle monolayers at the air-water interface,

which are likely precursors to long-range three-dimensional crystals formed

upon drying. In Chapter 2.3, I discuss crystallization of DNA-capped nanopar-

ticles without base-pairing for the first time in the presence of ultrahigh ionic

strengths of divalent salts and explore the role of DNA ligand length in crys-

tallization. This chapter aims to provide insights towards rationally designing

the DNA-nanoparticle system - in terms of ligand length and base-pairing - in

conjunction with the ionic environment to obtain the desired DNA-nanoparticle

assembly. In Chapter 3, I will discuss a new approach for assembling nanopar-

ticle ”molecules”, involving rational design of a branched ’DNA net’ structure
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that can be used to control the number of binding sites. As a proof of concept,

I demonstrate the assembly of heterodimers and homodimers with ’DNA nets’

functionalized onto gold nanoparticles. This approach is highly customizable

and can be tailored for nanoparticles of different sizes and shapes simply by

rational design and modification of the ’DNA net’ structure.
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CHAPTER 2

CRYSTALLIZATION OF NANOPARTICLE MONOLAYERS VIA LINEAR

DNA

The assembly of nanoparticles into highly ordered arrays (superlattices) has

opened an exciting new avenue toward the realization of metamaterials and

nanodevices [136, 182–188]. To obtain nanoparticle superlattices, two distinct

approaches have been demonstrated [189]: (1) DNA-programmable crystalliza-

tion in solution [141–143, 181], and (2) drying-mediated nanoparticle crystal-

lization on solid or liquid interfaces [136, 139, 182–188, 190–194]. The former

approach takes advantage of the unique WatsonCrick base-pairing of DNA to

program interparticle forces (enthalpic effects) typically with linear DNA se-

quences; the latter achieves superlattices by optimizing like-charge repulsion or

steric hindrance during solvent evaporation (entropic effects). Notably, each ap-

proach alone suffers limitations. The DNA-programmable approach has been

able to form only stable ordered structures in solution, a potential problem for

solid-state device integration. The drying-mediated approach typically relies

on alkyl molecule spacers, ultimately restraining the structural and functional

properties due to synthetic limitations on longer molecular ligand length. Ide-

ally, one would be able to exploit DNA as a ’dry ligand’ while maintaining its

programmable properties when used in conjunction with drying-mediated as-

sembly. In this chapter, I will discuss how linear DNA can be used as a generic

ligand without any base-pairing programmability, in conjunction with drying-

mediated assembly, to fabricate freestanding plasmonic superlattices with tun-

able plasmonic and mechanical properties. Next, I will discuss how linear DNA

can be used with and without base-pairing to crystallize nanoparticles at the

air-water interface under various ionic conditions.
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2.1 2D drying-mediated freestanding superlattice sheets

2.1.1 Introduction

Free-standing nanoparticle membranes have been fabricated by spinning-

assisted assembly [195, 196], crosslinking [197] and surfactant templating [198],

yet highly ordered superlattices have not been obtained by these methods. On

the other hand, nanoparticle superlattices have been assembled in bulk solu-

tions [6, 12, 107, 142, 143] as well as on solid [136, 191, 199–203] and liquid [204]

surfaces, although it remains a challenge to post-process these superlattices

into a free-standing configuration while maintaining the ordering. For exam-

ple, DNA can guide the assembly of nanoparticles into superlattices in buffered

aqueous solutions. However, these solution-stable structures can be difficult

to process and are prone to destabilization on drying, which is problematic for

solid-state device integration. Recently, Mueggenburg et al. [204] have demon-

strated an impressive strategy that overcame the above challenge, and also fa-

cilitated mechanical characterization of free-standing superlattices. However, in

alkyl-based fabrication of superlattices, the inter-particle spacing is constrained

to a small range (1.2 - 2.3 nm) owing to synthetic limitations on maximum

molecular ligand length20. In addition, discrete superlattice structures with

well-defined shapes have not been achieved using these alkyl-based methods.

By using linear DNA as a ’dry ligand’ in conjunction with microhole-confined

crystallization, the above limitations can be circumvented without any require-

ment of base-pairing (and thus buffered solutions). With this approach, we ob-

tained discrete, regularly sized, free-standing superlattice sheets in which struc-

tural and functional properties can be rationally controlled by adjusting DNA
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length. Furthemore, the highly extendable and controllable molecular lengths

of DNA ligands enable tailoring of both structural (interparticle spacing) and

functional properties (plasmonic and mechanical) over a wide window. Thus,

this strategy may constitute a promising step to enable the integration of bioin-

spired superlattices into solid-state nanodevices.

2.1.2 Fabrication of superlattice sheets

We began with monodisperse 13-nm-diameter gold nanoparticles capped with

5’-thiolated ssDNA through thiolAu covalent bonding. Unlike conventional

programmable self-assembly in buffered solutions [6, 12, 107, 142, 143], ssDNA

was used here as a dry ligand, similar to alkyl molecular ligands [136, 191, 199–

203] in a drying-mediated self-assembly process. On a solid substrate, both

internal order and overall morphologies of nanoparticle deposits were uncon-

trollable owing to complex nanoparticle-to-nanoparticle and nanoparticle-to-

substrate interactions, as well as non-uniform evaporation fields [205] and sol-

vent fluctuations [206] associated with dewetting. In contrast, significantly im-

proved control over both internal order and overall shape was achieved through

microhole-confined self-assembly (Figure 2.1). When a droplet of colloidal solu-

tion dried on a holey substrate, satellite microdroplets were formed and trapped

in individual microholes owing to pinning of their contact lines onto the micro-

hole edges [207, 208] (Figure 2.1). As water further evaporated, the retained

satellite microdroplets thinned, forming water films in which the motions of

nanoparticles were spatially confined to two dimensions. This confinement,

conceptually similar to our micromoulding approach [174], greatly improved

the formation of high-quality nanoparticle superlattices with boundaries at-
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Figure 2.1: Schematic diagram of fabrication of freestanding nanoparticle su-
perlattice sheets. Top left: The initial contact line of a droplet sitting on a holey
substrate recedes owing to evaporation of water, leaving behind satellite micro-
droplets trapped in the microholes. Top right: Superlattice sheets formed as a
result of spatial confinement as microdroplets were thinned. Bottom right: Mag-
nified view of superlattice sheets. Bottom left: Structure of individual DNA-
capped nanoparticles. Yellow spheres represent gold cores and red coronas rep-
resent DNA ligand layers [145].

tached to the microhole edges (that is, free-standing nanoparticle superlattice

sheets). With nanoparticle concentrations ranging from ∼30 nM to ∼60 nM,

we were able to obtain monolayered nanoparticle sheets (Figure 2.2) with few

nanoparticles found on the surrounding substrate.
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2.1.3 Structural characterization of superlattice sheets

The nanoparticles were well ordered with hexagonal packing symmetry (Fig-

ure 2.2) throughout the superlattice sheets except for defects that occurred

around the boundary (Figure 2.2). This indicates that nanoparticle interactions

rather than microhole geometry govern the ordering. Interestingly, our super-

lattice sheets are structurally open (nanoparticles occupy only 18.53% of the to-

tal area in (Figure 2.2) in sharp contrast to close-packed hard-sphere systems,

yet are surprisingly robust. These sheets were capable of withstanding dry-

ing forces, high vacuum, atomic force microscope (AFM) imaging and electron

beam irradiation. In addition, they even survived in environments with a rel-

ative humidity of > 90%, and lasted for at least 10 months under ambient con-

ditions without any observable deterioration. The surfaces of these sheets were

very flat and smooth, but recessed below the substrate surface to a depth of

100-180 nm for 200-nm-thick substrates (Figure 2.2). Despite the chaotic nature

of self-assembly, we achieved a high yield of circular sheetsmore than 50% of

the total wetted microholes. These sheets were discrete and their shapes (deter-

mined by the microhole geometry) could be defined precisely by microfabrica-

tion, potentially enabling the integration of free-standing, monolayered sheets

into future optoelectronic devices.
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Figure 2.2: Characterization of freestanding nanoparticle superlattice sheets. a)
TEM micrograph of a free-standing monolayered sheet (DNA-T70) suspended
over a 2-µm diameter microhole in the silicon nitride substrate. Sheets were
formed exclusively in the microholes, with nanoparticles rarely observed on the
surrounding substrate. b) A higher-magnification TEM micrograph of a free-
standing monolayered sheet (DNA-T70) shows that nanoparticles are highly
ordered yet well spaced. The inset shows a fast Fourier transform (FFT) of the
image. c,d) 3D STEM tomography (performed by Judy Cha from the Muller
group) of a freestanding superlattice sheet (DNA-R) revealed that the sheet is
both monolayered and flat. e) Characteristic AFM heigh image showing the
presence of fully attached sheets and empty holes in the silicon nitride substrate.
f) High-resolution AFM image of the surface of a fully attached sheet showing
highly ordered nanoparticles (root-mean-square roughness of ∼2 nm). g) Cross-
sectional height plot corresponding to the dashed line in (e), showing recessed
sheets and an immeasureably deep hole in which no sheet was formed. [?]
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2.1.4 Role of DNA in organization of AuNPs

We further established that DNA number density and length are the dominant

factors influencing inter-particle spacing - a key parameter that determines the

collective properties of nanoparticle superlattices. For both fully and partially

attached monolayered sheets, a densely packed DNA corona is a prerequi-

site to obtain highly ordered arrays. To understand how Watson-Crick base-

pairing affects the internal order of sheets, we compared internal structures

of sheets fabricated using poly(dT) ligands (DNA consisting only of thymine

bases) and DNA ligands with self-complementary regions. Surprisingly, we

found that the self-complementary ligands did not improve the degree of order

compared with poly(dT) ligands . These results are in contrast with the concept

of DNA-programmable self-assembly, which requires optimal specific Watson-

Crick base-pairing forces for the superlattice formation [6,12,107,142,143]. Crys-

tallization through this programmable pathway requires loose DNA packing,

buffered solutions and the proper temperature range. On the other hand, our

system requires dense DNA packing and low solution ionic strength for the as-

sembly of highly ordered superlattices.

The combination of dense DNA packing and low ionic strength inhibits

specific Watson-Crick base-pairing, and therefore interactions between DNA-

capped nanoparticles are dominated by electrostatic repulsion. This like-charge

repulsion is likely to contribute to the ordering of the superlattices: a situation

commonly observed in colloidal hard-sphere systems. As water evaporates, free

volumes of DNA-capped nanoparticles are restricted, leading to crystallization

at a specific concentration threshold. The ordered structures are maintained

by the interactions between soft coronas and not the nanoparticle cores, un-
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like colloidal hard-sphere systems. This is because inter-particle potentials fall

outside the core-core van der Waals wells owing to large particle-to-particle dis-

tance. In the self-organization process, the soft DNA coronas must interdigitate

or deform through nonspecific interactions similar to alkyl ligands [139]. These

nonspecific DNA-DNA interactions are remarkably strong enough to ’lift’ free-

standing nanoparticle superlattices in the fully dried state despite the absence

of base-pairing forces.

Taking advantage of the wide-ranging length controllability of DNA [?, 38],

we demonstrated that inter-particle spacing for both the fully and partially at-

tached sheets can be precisely and widely tuned by changing DNA length (Fig-

ure 2.3). In this study, we were able to adjust the edge-to-edge inter-particle

spacing from 0.9±0.2 nm to 19.6±1.7 nm - a much wider range than has been

achieved for alkyl ligands (∼1.2 to ∼2.3 nm, [209]). In addition, it seems that the

inter-particle spacing increases linearly with DNA length in both fully and par-

tially attached sheets (Figure 2.4). Owing to the highly flexible nature of ssDNA

(persistence length of ∼0.7 nm), the compliant DNA corona was substantially

deformed in the interstices between nanoparticles during the formation of su-

perlattice sheets. Longer DNA ligands experience larger deformations, owing

to three-dimensional (3D) curvature effects of nanoparticle surfaces [139, 210]

where the distal DNA bases have more configurational freedom. In partially

attached sheets, further deformation occurred along the axis of stress relaxation

(Figure 2.4).
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Figure 2.3: DNA regulation of interparticle spacing in fully attached and par-
tially attached sheets. a-f) TEM images of sheets formed using DNA-T15 (a,b),
DNA-T30 (c,d), and DNA-T90 (e,f). a,c and e are fully attached sheets in which
nanoparticles are packed in a hexagonal lattice; b,d and f are partially attached
sheets where the hexagonal lattice was skewed owing to stress relaxation. [145]
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Figure 2.4: DNA corona deformation in nanoparticle superlattice sheets. a) De-
formation of the DNA corona and the corresponding DNA heights (h0, h1 and
h2). The corona deformation is defined as 1 − h1/h0 for fully attached sheets and
1 − h2/h0 for partially attached sheets. b) Plot of DNA heigh as a function of
thymine base number. Red squares: calculated height of the DNA corona in
the hydrated state estimated by modelling the DNA-capped nanoparticles as
colloidal particles with end-grafted brush polymer chains. Green circles: mea-
sured DNA height between neighbouring nanoparticles in fully attached sheets.
Blue circles: measured DNA height along the axis of stress relaxation in partially
attached sheets. Each experimental data point (green and blue) was the mean of
12 TEM measurements, with the standard deviation shown as error bars. [145]
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2.1.5 Tuning optical and mechanical properties with DNA

DNA regulation of inter-particle spacing makes it possible for us to control

inter-particle electromagnetic coupling interactions in our superlattice sheets.

In particular, for gold nanoparticles we observed colour variations of sheets

from blue to pink under white light illumination (Figure 2.5) as inter-particle

spacing was varied. We used a microRaman microscope as a local spectrometer

to acquire absorption spectra from individual sheets (Figure 2.5). These spectra

share common features with the spectra of 10-nm-diameter nanoparticle pairs

as calculated in discrete dipole approximation simulations [124, 125], suggest-

ing dominant dipole coupling resonance in the sheets. We plotted the plasmon

shift versus inter-particle spacing along the axis of stress relaxation (that is, min-

imal spacing in the sheet), which resembled an exponential decay (Figure 2.5).

This plasmon coupling behaviour seems to be consistent with that observed for

metallic nanoparticle pairs and extended arrays [124,125,211,212]. These results

show that a desirable ultrathin plasmonic sheet may be engineered by manipu-

lating the DNA ligand length.

In addition, we demonstrated that the mechanical properties of the sheets

can be altered by adjusting DNA length. Fully attached 2-µm-diameter sheets

were fabricated with three different DNA ligands, and were indented in their

centres with an AFM probe. For each specimen, we observed consistent force-

displacement curves for both multiple indents of a single sheet, as well as for

single indents of multiple sheets. The high reproducibility may be due to precise

control over the inter-particle spacing. Notably, our superlattice sheets were dis-

crete with their boundaries firmly attached to the microhole edges. This micro-

hole confinement introduced significant pre-strain. As a result, linear behaviour

53



dominated the force-displacement curves, which made it difficult to estimate

Young’s modulus using theoretical models [204,213,214]. Instead, we compared

the spring constants in the linear regime, k = dF/dδ, of pre-strained superlattice

sheets with different DNA length (inset of Figure 2.5). Interestingly, the spring

constant decreased with increasing ligand length. As has been reported [204],

the ligands, rather than the metallic cores, are the dominant factors that govern

the collective mechanical properties. Hence, the interactions among short lig-

ands seem to be stronger than those among longer ones possibly owing to their

higher ligand density in the interstices between nanoparticles.
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Figure 2.5: DNA-regulated plasmon coupling and mechanical properties of
free-standing, monolayered nanoparticle superlattice sheets. a,b) Representa-
tive photographic images of different sheets formed using ligands DNA-T5 and
DNA-T30, which were acquired in transmission mode under white light illumi-
nation. c,d) Absorption spectra acquired using a Renishaw InVia Raman spec-
trometer over a ≈ 1µm2 area at the crosspoints in a and b, respectively. e) A plot
of the edge-to-edge inter-particle spacing along the axis of stress relaxation ver-
sus plasmon resonance peak shifts (relative to 520 nm for discrete nanoparticle
solutions). The solid line is a nonlinear least-square fit (R2=0.9423). f) Applied
force, F, versus indentation depth, δ, plotted for different sheets on the basis of
data acquired from AFM. The inset shows the measured spring constant as a
function of inter-particle spacing. AFM measurements were performed by Dr.
Michael Campolongo. [145] 55



2.1.6 Summary

Our free-standing superlattice fabrication strategy involves using DNA as a

dry ligand in conjunction with microhole-confined self-assembly. It represents

an unconventional DNA-based route towards self-assembled superlattice ma-

terials. It also enables engineering of structural and functional properties of

these artificial solids in their ultimate thickness limit over a wider range than

typically achievable with alkyl ligands. In addition, this method overcomes

the stability issues associated with aqueous environments for traditional bio-

logically inspired assemblies, which may significantly expand the applicabil-

ity of biomaterials in solid-state devices. This approach can potentially offer

great modularity and versatility towards advanced materials systems beyond

just plasmonic superlattice sheets, such as magnetic and quantum dot sheets.

These characteristics will facilitate the systematic investigation of substrate-free

self-assembly phenomena and fundamental electromagnetic coupling (for ex-

ample, plasmon, exciton and magnetic moment) among nanoparticles without

substrate effects. Hence, we believe that our method may lead to a plethora

of applications including substrate-free optoelectronic devices (such as plas-

monic waveguide and plasmonic lithography), high-density data storage and

new classes of biosensors.

2.1.7 Materials and Methods

Holey lacey/Formvar carbon films and 2,000-mesh copper grids were pur-

chased from Ted Pella. The former have irregular pores with sizes varying from

less than a quarter of a micrometre to more than 10 m, and the latter have reg-

56



ular arrays of square holes (hole size: 7 × 7 µm2). C-flat holey carbon (1-µm-

diameter hole, 1 µm space), quantifoil holey carbon films (2-µm-diameter hole,

1 µm space) and quantifoil holey carbon films (square hole size: 7× 7 µm2) were

purchased from Electron Microscopy Sciences. Holey silicon nitride films (2-

µm-diameter hole, 4 µm pitch) were purchased from SPI supplies.

Synthesis of DNA-capped gold nanoparticles

Gold nanoparticles with diameters of 12.8 ± 1.2 nm were synthesized according

to the literature [139, 210]. DNA oligonucleotides were synthesized from Inte-

grated DNA Technologies (see Table 2.1). ssDNA-capped nanoparticles were

synthesized following a protocol similar to Mirkin and co-workers’ report [215].

5’-thiolated ssDNA was deprotected and incubated with nanoparticle solutions

at a DNA:nanoparticle ratio of 1000:1 for all types of DNA-capped nanoparti-

cle. The mixture was then allowed to stand for 12 h at room temperature, after

which sodium chloride was added to a final concentration of 1 M. Finally, the

mixture was aged at room temperature for another 10 - 12 h and centrifuged

and exchanged in Milli-Q water.

Instrumentation

Structural characterization of superlattice sheets was carried out using a Tecnai

T12 TEM. The intact sheets survived electron irradiation in high vacuum with-

out any deformation. The partially attached sheets in micrometre-sized holes

exhibited slight deformation at higher magnifications owing to high beam cur-

rents. Stepwise focusing with low beam currents helped to avoid lattice distor-
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Strand name Modification Sequence (5’ to 3’)
DNA-T5 5’-thiol Poly(dT)5

DNA-T15 5’-thiol Poly(dT)15

DNA-T30 5’-thiol Poly(dT)30

DNA-T50 5’-thiol Poly(dT)50

DNA-T70 5’-thiol Poly(dT)70

DNA-T90 5’-thiol Poly(dT)90

DNA-R 5’-thiol ATGGCAACTATACGCGCTAGAGTCGTTT

Table 2.1: DNA oligonucleotides used to functionalize gold nanoparticles

tion by the electron beam. A tilt series of the sheets for tomographic reconstruc-

tions was obtained using a Tecnai F20 STEM. The sheets were tilted over 75o and

the tilt images were acquired at 2o increments in annular dark-field STEM mode.

A simultaneous iterative reconstruction technique was used to reconstruct the

sheets in 3D [216]. The resolution of the reconstructed 3D data is approximately

1 nm [217].

A Renishaw InVia Raman spectrometer was used to acquire local transmis-

sion spectra over an area of ∼1 µm2 while the samples were illuminated by a

halogen white light source. The absorption spectra were then normalized.

Force-displacement curves and topography images were obtained with a Di-

mension 3100 AFM (Digital Instruments) in tapping mode using PointProbe-

Plus ZEILR silicon probes (Nanosensors). The tip was blunted before the mea-

surements by scanning a steel surface for several minutes. A blunt tip was

necessary to prevent piercing the sheet during the force measurements at high

forces. Both the tip radius and the condition of the blunted tip were verified by

scanning electron microscopy.
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2.2 2D crystalline monolayers at the air-water interface

2.2.1 Introduction

One of the grand challenges of bottom-up nanoparticle self-assembly is to fabri-

cate designer assemblies or crystals in the dehydrated state for integration into

solid-state devices. As a polymer, DNA affords unique programmable capabili-

ties as well as versatile sequence and length tunability that make it an excellent

ligand for organizing nanoparticles. In particular, nanoparticle superlattices

have been obtained via enthalpy-driven DNA-programmable crystallization in

solution [141–143,181] and entropy-driven drying-mediated DNA-nanoparticle

crystallization on solid or liquid interfaces [136, 139, 182–188, 190–194]. Despite

these recent advances, there is still a lack of understanding on the multiparamet-

ric nature of nanoscale assembly which results in merely limited control over

nanoparticle crystallization. DNA-capped nanoparticles serve as an excellent

tool for studying nanoscale interactions and assembly due to the monodisper-

sity of DNA ligands as well as the specificity and accuracy of DNA sequence

design for programmibility. Recent research efforts by several groups including

ours have employed synchrotron radiation to reveal the nature of nanoscale

interactions relevant to nanoparticle crystallization.For example, Gang and

Mirkin have each reported temperature-dependent nanoparticle crystallization

in bulk buffered solutions [142,143]. In parallel, our group has revealed the crys-

tallization dynamics of DNA-capped nanoparticles in real-time using a drying-

mediated self-assembly process [144]. While these previous studies utilized

transmission small-angle X-ray scattering (SAXS) to uncover temperature de-

pendence and temporal dynamics of 3D nanoparticle crystallization, we utilize

59



a technique we termed parallel SAXS (parSAXS) to reveal spatial crystallization

events of DNA-capped nanoparticles over a microliter-scale droplet.

With parSAXS, we investigated the interactions among DNA-capped

nanoparticles by varying spacer length, concentration, and ionic strength to un-

derstand their roles in mediating the interactions between particles. We dis-

covered that DNA-capped nanoparticles with base-pairing sequences can as-

semble into 2D nanoparticle crystalline Gibbs monolayers at the air-water inter-

face within a range of monovalent salt concentrations. In contrast with crys-

talline monolayers formed upon drying [145], these Gibbs assemblies are in

dynamic equilibrium with the bulk solution and can be obtained under high

monovalent salt conditions. While extensive studies have been performed on

amphiphilic or hydrophobic ligand-capped nanoparticles assembled into Lang-

muir layers [182,218–220], the interfacial assembly of hydrophilic nanoparticles

in aqueous solvent into Gibbs layers is not well understood. Unlike a Langmuir

layer, a Gibbs layer is an equilibrium system in which surface coverage is driven

by the solute concentration and is independent of solvent volume [221, 222].

In the case of DNA-capped nanoparticles, base-pairing and the charge of the

DNA ligands provide additional parameters for controlling the assembly of

crystalline monolayers. Previous works in literature have already suggested

that the mechanism for drying-mediated nanoparticle assembly may involve

the formation of nanoparticle monolayer islands as a precursor. Hence, these

new insights into the crystallization of DNA-capped nanoparticles at the air-

water interface could pave the way towards designer nanoparticle crystals in

the dried state that could be integrated into solid-state nanodevices.
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2.2.2 Parallel SAXS for probing nanoparticle crystallization

The parSAXS configuration is a special case of grazing-incidence SAXS

(GISAXS) in which the angle of incidence is 0o and is uniquely capable of ob-

serving interfacial phenomena while avoiding scattering effects that result from

X-ray reflection off of the supporting substrate. As the beam skimmed the apex

of the droplet, the scattering cross section resulted from the airliquid interface,

providing information about the air-liquid interface directly. When the relative

beam position was decreased in the z-direction, the beam passed through less

of the interface and the scattering signal was instead dominated by mobile par-

ticles dissolved in the bulk, as well as precipitates when in close proximity to

the substrate.

All ssDNA used in our system were comprised of a polythymine spacer

with variable length and a palindromic base-pairing region (5-SH-C6-(dT)N-

CTCATGAG, where N = 7, 15, or 30), as shown in Figure 2.6. This base-pairing

region was necessary to facilitate rapid crystallization of DNA-capped nanopar-

ticles, as demonstrated by our previous work [144]. In a typical experiment, a

1.5 µL droplet of DNA-capped gold nanoparticles was placed on a cleaned sili-

con substrate on a sample stage such that the plane of the substrate was parallel

to the incident beam (Figure 2.6).

A raster scan of the droplet obtained by incrementally stepping the sample

stage in the x and y directions provided valuable information regarding the state

of the nanoparticles. In particular, streaks that were observed perpendicular to

the airliquid interface were indicative of nanoparticle monolayers, analogous to

GISAXS measurements of both ordered and amorphous FePt nanocrystal mono-

layers on silicon [223].
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Multiple parallel streaks arise from scattering off of a two-dimensional

monolayer with long-range order, while a single continuous streak indicates

short-range order only (see Figure 2.7). On the other hand, a ring pattern in-

dicates the formation of a three-dimensional aggregate with short-range order.

In some instances, a composite spectra can result from simultaneous scattering

off of both a crystalline monolayer and an aggregate due to the finite size of

the beam, as shown in Figure 2.8. The diffuse background in the spectra ob-

tained from the droplet interior corresponded to dilute scattering from freely

dispersed nanoparticles in solution. Although monolayers were observed over

a wide range of salt concentrations, ordered monolayers were observed only

over a narrower range of salt concentrations, particularly at the droplet apex.

A parSAXS spectrum obtained close to the droplet apex is shown in Figure 2.8.

Notably, up to fifth-order peaks were observed, which are indicative of well-

defined crystalline monolayers (Figure 2.8). The Bragg diffraction pattern con-

sists of parallel lines in which the angle with the horizontal corresponds to the

normal of the droplet. This is true of any spectra measured along the droplet

edge, suggesting flexible crystalline formations dependent on the droplet cur-

vature.
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Figure 2.6: a) Schematic illustrating how nanoparticles are distributed in the
Gibbs system. We model the nanoparticle spacing as a sum of the flexible corona
heights and the length of the rigid hybridized region. b) Experimental setup of
parSAXS experiments. The DNA-NP droplet is placed on a cleaned Si substrate
within a sealed chamber. The sample stage is positioned such that the X-ray
beam passes through the droplet parallel to the plane of the substrate. The
specular reflection due to the incident beam is indicated and is not included
in the subsequent analysis. We define the coordinate system of the scattering
vector such that qz is parallel to the specular reflection of the incident beam off
the droplet surface and qx is perpendicular to qz and thus parallel to the local
surface segment. [224]
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Figure 2.7: Schematic of four representative spectra observed in parSAXS ex-
periments.The angle of the scattered streaks is arbitrary in order to show all the
features. [224]
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Figure 2.8: Example spectrum showing a high degree of crystalline order (N =
7, [NaCl] = 500 mM). The relative positions of the Bragg peaks with respect to
the first-order peak indicate a simple hexagonal lattice. [224]
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2.2.3 Effects of salt concentration on crystallization of AuNPs

By varying the salt concentration in the colloidal droplet, we observed that the

formation of Gibbs nanoparticle monolayers at the air-liquid interface occurred

within a range of salt concentrations. Figure 2.9 shows the formation of Gibbs

layers at the droplet apex over a salt concentration range of 100 to 1000 mM.

Below 100 mM NaCl, only the form factor was observed, likely due to strong

electrostatic repulsion between poorly screened nanoparticles, which prevented

accumulation at the air-liquid interface. Above 750 mM NaCl, streak-like scat-

tering patterns disappeared and only a faint ring-like pattern was present, sug-

gesting the formation of a precipitate. Both short-range ordered and crystalline

monolayers formed between 100 and 750 mM NaCl. At 500 mM, crystalline or-

der was optimal in terms of peak width and intensity of higher order scattering

peaks (up to third-order).

The crystalline order was modeled using a static Debye-Waller factor, σDW

[225], which was fit to the experimental form factor using grain size diameter,

Dg and σDW as fitting parameters. In this model, the grain size is inversely pro-

portional to the widths of the Bragg peaks in the one-dimensional spectra. The

static Debye-Waller factor is of the form D(qx) = exp(−σ2
DWq2

x) and accounts for

local deviations of individual particles from perfect crystalline order. Higher or-

der Bragg reflections are more sensitive to local disorder, and their intensities di-

minish quickly with increasing σDW . After correcting for resolution effects [226],

a fit of the 500 mM NaCl spectra from Figure 2.9 yielded Dg = 365 nm and σDW

= 2.87 nm, which were the optimal values of any salt concentration obtained.

These results indicate that, while Gibbs layers can be achieved over a range of

salt concentrations, crystalline order is highly sensitive to ionic strength.
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Figure 2.9: Effects of ionic strength on monolayer formation. Monolayers are ob-
servable at the droplet apex from 250 to 750 mM and are crystalline at 500 mM.
At 100 mM, only form factor scattering is observed so at best there is a dilute
monolayer without short-range order. At 1000 mM, only short-range order re-
mains. The experimental form factor was removed from each one-dimensional
spectra. [224]
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The interparticle forces in DNA-capped nanoparticle colloids are dominated

by DNA-DNA interactions, rather than by the core-core interactions of gold

nanoparticles. Our analysis of interparticle spacing by varying both nanopar-

ticle concentration and spacer length revealed that no compression occurred

between the adjacent DNA coronas. In a Langmuir system, the monolayer will

be compressed with increasing nanoparticle monolayer concentration, while in

a Gibbs layer the surface density is controlled by the bulk concentration. How-

ever, it was found that varying the bulk concentration while holding the ionic

strength constant did not result in any significant compression in terms of inter-

particle spacing and corona height (Figure 2.10). This result indicates that the

density in the Gibbs layer per se is too small to lead to crystallization. However,

crystalline islands can be formed by virtue of Watson-Crick base-pairing.

2.2.4 Modified Daoud-Cotton model for monovalent salts

The DNA corona height in our system can be modeled by polymer brush theory

[227]. Figure 2.10 shows how the corona height varies with DNA spacer length.

The brush height, h0, for densely packed polymer chains scales as [227]:

h0 ∼ N3/(3+D)σ1/(3+D)RD/(3+D) (2.1)

where N is the number of segments, σ is the surface coverage, and D is the

dimensionality of the system. For spherical particles, D=2, reducing the expres-

sion to:
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h0 ∼ N3/5σ1/5R2/5 (2.2)

This is the brush height of an uncompressed system. The compressed corona

height can be defined as:

h
′

= h0(1 − λ) (2.3)

where λ = δ/ho is the compression ratio and δ is the compression distance.

We can model tethered DNA chains on the nanoparticle surface as a collection

of parallel springes with spring constant ksp [144]:

F = kspδ (2.4)

where F is the isotropically distributed equilibrium force acting on the

corona. Assuming these chains behaves as an entropic spring, we can write:

ksp =
3kBT
Nb2 (2.5)

where kbT is the thermal energy, N is the number of DNA bases and b is the

Kuhn length. Thus, the compressed corona height should scale as:

h
′

0 = aN3/5σ1/5R2/5 −
(
Nb2F/3kBT

)
(2.6)

where a is a proportionality constant, N is the number of DNA bases, σ is

the DNA coating density, R is the nanoparticle radius, b is the Kuhn length, and
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F is the equilibrium compressive force acting on the corona. Assuming constant

density and using a and F as fitting parameters (Figure 2.10), the best fit was

achieved using F = 0, which simplified to the equation predicted by uncom-

pressed brush theory. Furthermore, because the DNA corona height scales only

with N, we can assume that the ligand density is independent of DNA length.

This thermodynamic description of our system implies that the interparticle

spacing of the Gibbs nanoparticle monolayers can be readily controlled simply

by engineering the lengths of DNA spacers used to functionalize nanoparticles.
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Figure 2.10: Effect of nanoparticle concentration on interparticle spacing and
ligand length on corona height. The corona height was computed from the av-
erage interparticle spacing at three separate locations along the air-liquid in-
terface of an individual colloidal droplet. The small variation indicated by the
error bars suggests that the interparticle spacing was fairly uniform along the
droplet profile and that the effect of the air-liquid-substrate meniscus was neg-
ligible. a) Nearest neighbour spacing was not significantly affected by changes
in nanoparticle concentration. b) The corona heigh at constant density is de-
pendent only on spacer length and is consistent with that of an uncompressed
corona as described by polymer brush theory. [224]
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We next investigated the effects of ionic strength on the interparticle spacing

within the monolayers. It was expected that higher concentrations of monova-

lent salt ions would decrease the interparticle spacing by screening, thus reduc-

ing intrastrand repulsive charges (Figure 2.11). On the other hand, reducing the

salt concentration would increase the intrastrand repulsion and consequently

the interparticle spacing. This reversible behavior was previously observed in

three-dimensional crystals as reported by Gang and co-workers [178].

The effect of ionic strength on nearest neighbor spacing in the crystalline

monolayers can be best described by the Daoud-Cotton model. We previously

defined and characterized the nanoparticle corona softness χ = h0/R, which was

used to model the corona compression after solvent evaporation [144]. We will

then express the softness in terms of the Daoud-Cotton model [228, 229]:

χ =
h0

R
=

1 + kNbR−1
(
vσ
LK

)1/33/5

− 1 (2.7)

where k is a proportionality constant typically taken as unity, N is the num-

ber of bases, b is the length per base (0.65 nm/base for ssDNA), σ is the surface

density of polyelectrolyte chains, b is the excluded volume parameter, and LK

is the Kuhn length. As proposed by Guo and Ballauff [230], modifications may

need to be made to this model in order to have quantitative agreement with ex-

perimental data. Thus, we will apply the theory of Argillier and Tirrell [231],

which approximates the excluded volume as v ≈ L3
K . Furthermore, Barrat and

Joanny [232] showed that the persistence length varies linearly with the Debye

screening length, LK ≈ κ−1, for flexible polyelectrolytes. The Debye screening

length for water at 25oC is given by κ−1 = 1
(8πNALBI)1/2 , where I is the ionic strength

(mol/m3) and LB is the Bjerrum length (0.714 nm), which simplifies to κ−1(nm)
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= 0.304C−1/2 for added concentrations, C (mol/L), of NaCl. By applying these

two arguments, the corona height will scale as h0 ≈ C−2/5 when R is small. The

corona height can now be expressed as:

h0

R
=

(
1 + kNe f f bR−1

(
σ

κ2

)1/3
)3/5

− 1 (2.8)

after making the appropriate substitutions and allowing the constant k to ab-

sorb any additional multiplicative constants. We also modified the expression

with Ne f f = N + N0, where N0 is an empirical additive term to account for an

effective increase in the spacer segment. This increase can be attributed to lim-

ited conformational freedom of the single-stranded spacer in the vicinity of the

more densely charged hybridization region [233], as well as to the contribution

from single-stranded regions that are only partially hybridized. An estimate of

k ≈ 2.7 can be made from the parameters reported by Gang and co-workers(41)

(h0 = 8 nm, R = 6 nm, N = 30, b = 0.65 nm/base,σ = 0.145 chains/nm2, Ca = 0.3 M).

Using σ and N0 as the only adjustable parameters (based on a constant oligonu-

cleotide density, as discussed above), we observe in Figure 2.11 an excellent

fit of the model to our experimental data for the three different ligands, which

yielded N0 = 2.45 and σ = 0.17 chains/nm2 for all three nanoparticle systems.

The oligonucleotide footprint was σ−1 = 5.88 nm2 for when R = 6.8 nm, which

compares reasonably well with the experimentally measured footprint of 6.0 ± 1

nm2 for nanoparticles in which R = 7.5 nm [234]. This model shows the relative

importance of the parameters that regulate interparticle spacing and could eas-

ily be extended to 3D crystals. Increasing the ionic strength effectively decreases

the persistence length of the ssDNA spacers. Consequently, this is an important

consideration in the design of DNA nanostructures, particularly those that ex-
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ploit the flexibility of ssDNA components under various buffer conditions and

local environments.

2.2.5 Dynamic control of AuNP crystalline monolayers

We further demonstrated that the formation of crystalline nanoparticle mono-

layers were controllable by dynamically varying the ionic strength via evapo-

ration and rehydration of the colloidal droplet (Figure 2.12). Crystalline mono-

layers were obtained by evaporating the droplet to 25% of the original volume,

resulting in a 4-fold increase in salt and nanoparticle concentration. Notably,

these monolayers were maintained upon rehydration of the droplet. While the

nanoparticle concentration also increased upon evaporation, it did not seem to

play a significant role in monolayer formation as described earlier. However, if

the droplet was evaporated such that the salt concentration exceeded the crys-

tallization threshold, the nanoparticles precipitated out, and thus no monolay-

ers were observed when the droplet recovered to its original volume. These

results were in agreement with our previously report on the cycling phenom-

ena of interparticle spacing in nanoparticle colloidal droplets [144], which is

attributed to volume-driven changes in ionic strength.
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Figure 2.12: parSAXS raster scans of a nanoparticle droplet kept in a chamber
with variable humidity (N = 7, CNaCl =1000 mM). a) At 100% relative humidity
(RH), the droplet grew slowly via water vapor uptake due to the salt concentra-
tion in the droplet. b) At 68% RH the droplet was almost dried after 2 h. c) Back
at 100% RH for an additional 80 min the drop regained its former shape. [224]
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2.2.6 Summary

In summary, spatial mapping of a solution droplet profile with parSAXS re-

vealed the formation of Gibbs monolayers of DNA-capped nanoparticles at

the air-liquid interface. Crystalline and short-range ordered monolayers of

nanoparticles were obtained depending on the ionic strength of the solution.

The change in interparticle spacing for different salt concentrations was shown

to be described by our modified form of the Daoud-Cotton model. Our find-

ings reveal that DNA-programmability is not limited to bulk solution but is

extendable to the air-liquid interface. Due to its dynamic nature with particles

freely exchanging between bulk and surface reservoirs, the airliquid interface

provides a unique lab-on-a-drop platform for the preparation of equilibrium

nanostructures. The ability to control spatial crystallization of biofunctional-

ized nanoparticles, particularly at 2D interfaces, may open up exciting routes

to design programmable 2D plasmonic materials, facilitating the integration of

bioderived wet structures into dried solid-state devices.

2.2.7 Materials and Methods

Nanoparticle Preparation

All ssDNA used in our system were comprised of a polythymine spacer

with variable length and a palindromic base-pairing region (5-SH-C6-(dT)N-

CTCATGAG, where N = 7, 15, or 30), as shown in Figure 2.6. This base-pairing

region was necessary to facilitate rapid crystallization of DNA-capped nanopar-

ticles, as demonstrated by our previous work [144]. Gold nanoparticles with
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diameters of ≈14 nm were synthesized according to the literature [139, 210].

Thiolated oligonucleotides (Integrated DNA Technologies, Inc.) were depro-

tected using dithiothreitol and incubated with nanoparticle solutions at a DNA-

to-nanoparticle ratio of 1000:1. Charge screening was performed by adding

sodium chloride at 30 min intervals to a final concentration of 0.3 M to generate

densely capped nanoparticles. The mixture was aged at room temperature for

another 10-12 h and centrifuged and exchanged in Milli-Q water.

Experimental Setup

We developed a lab-on-a-drop technique in which a microliter-scale drop of so-

lution was placed on a clean silicon wafer, which is particularly useful for when

sample quantity is limited. In a typical experiment, a 1.5 µL droplet of DNA-

capped gold nanoparticles was placed on a cleaned silicon substrate on a sample

stage such that the plane of the substrate was parallel to the incident beam (Fig-

ure 2.6). The parSAXS configuration is a special case of grazing-incidence SAXS

(GISAXS) in which the angle of incidence is 0o. In order to minimize solvent

evaporation, the sample droplet was housed in a sealed chamber containing a

reservoir filled with a sodium chloride solution of the same concentration as the

droplet, thus maintaining a similar vapor pressure (Figure 2.13).

For humidity-controlled experiments, we used pure water in the sample cell

reservoir, which caused diffusive transport of water through the vapor phase

to the droplet due to its salt concentration. In order to dry the droplet, dry

helium gas was flown through the cell to dilute the water vapor content in the

cell. The helium flow was then stopped and the droplet swelled again. Since

the particle and salt content within the droplet are fixed, water vapor uptake
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Figure 2.13: Schematic diagram of the experimental setup. A droplet of DNA-
capped nanoparticle solution with a well-defined volume is placed onto a clean
silicon wafer. The droplet volume can be stabilized by using a salt solution of
the same concentration in the reservoir to control the vapor pressure inside the
closed chamber. In order to dynamically control the concentration inside the
droplet, the water vapor concentration in the chamber can be reduced by flow-
ing dry helium gas through the cell. A thermohygrometer monitors temperature
and relative humidity in the chamber. [224]

and evaporation caused both particle and salt concentrations to vary according

to the water content in the drop.

X-ray Scattering Experiments

Most parallel SAXS (parSAXS) experiments were performed at the D1 station at

the Cornell High Energy Synchrotron Source (CHESS). The D1 station receives

a high-flux X-ray beam (typically 1012 photons s−1 mm−2) with a wavelength of

1.22 Å at a bandwidth of 1.5% using a multilayer monochromator. A MedOptics

CCD detector was used to capture the scattered images at a beam energy of 10

keV and with a beam size of 0.3 mm (H) × 0.2 mm (V). Some parSAXS images
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were also obtained at the SAXS/WAXS beamline of the Australian Synchrotron.

Data Processing

The nanoparticle size distribution was measured to be 13.6 ± 0.7 nm by fitting

the experimental form factor obtained from bulk scattering at the center of the

droplet to

F(q) =

∫ ∞

0
N(R) P(q,R) R6 dR (2.9)

where

P(q,R) =

(
3 (sin(qr) − qR cos(qR))

(qR)3

)2

(2.10)

for spherical nanoparticles of radius R, and

N(R) =
exp

(
−(R−R0)2

2σ2

)
√

2πσ2
(2.11)

assuming a Gaussian size distribution with a mean radius R0 and standard

deviation σ. Scattering patterns from Gibbs layers result from a product of the

form factor and structure factor.(31) The structure factor, S (qx), was obtained

by extracting the experimental form factor, F(q), obtained by a scan taken away

from the droplet edge (Figure 3). For a two-dimensional hexagonal lattice, the

nearest neighbor spacing for a given set of Miller indices (hk) can be deter-

mined from DNN =
4π(h2+hk+k2)1/2

q
√

3
. The corona height, h0, can be expressed as
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h0 = (DNN − 2R − LBP − 2L6C) /2, where LBP = 2.72 nm (8 bases at 0.34 nm/base)

and L6C = 0.5 nm for the alkyl spacers.
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2.3 2D crystalline monolayers in divalent salts

2.3.1 Introduction

One of the fundamental goals of nanotechnology is the organization of

nanoscale materials into highly-ordered structures by design. However, the

controlled assembly of nanoparticles remains a challenge due to the multipara-

metric nature of their interactions [135, 186, 235–237]. Soft nanoparticles with

compressible coronas may aid in mitigating kinetic traps from core-core attrac-

tions and facilitate reorganization into highly-ordered structures via soft crystal-

lization [135, 145]. In this regard, elucidating the effects of nanoparticle ligands

and ionic environments on nanoparticle assemblies can provide critical infor-

mation towards engineering designer nanoparticle crystals tailored for a broad

spectrum of applications such as molecular diagnostics, metamaterials and op-

toelectronics.

DNA in particular has been widely utilized as a designer ligand to direct

soft crystallization of nanoparticles owing to its unique programmability af-

forded by Watson-Crick base-pairing [76,142,143,180,181,238]. The complexity

of base-pairing, coupled with the remarkable length and sequence control over

DNA synthesis, offers versatility and precision in the organization of DNA-

nanoparticle (DNA-NP) colloidal crystals. However, it is also a double-edged

sword, as the diverse library of DNA sequences typically requires careful con-

sideration of compatibility with buffer conditions and target DNA sequences,

which may further complicate the multiparametric process of nanoparticle as-

sembly [154, 239, 240]. For example, nonspecific interactions in the form of slip-

ping interactions and base-pair mismatches, as well as secondary structures
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such as hairpin loops, have to be minimized to achieve optimal base-pairing

[241–243]. Moreover, base-pairing-driven crystallization typically operates in

monovalent salts within a limited range of ionic strengths to maintain the in-

tegrity of base-pairing [242, 244].

Efforts on investigating the complex nature of DNA-NP assembly to date

have typically employed base-pairing to achieve nanoparticle assemblies in

monovalent salt environments [142–144,224]. However, despite all the efforts to

better understand the underlying interactions and driving forces behind DNA-

NP crystallization, there is a dearth of information on their interactions in other

ionic conditions particularly with divalent Mg2+ counterions. This is surpris-

ing since Mg2+ is not only a critical component of biological systems but also

plays a key role in maintaining structural stability in the field of DNA nan-

otechnology [245–247]. Nonetheless, as it remains technically challenging to ex-

tensively model or directly probe multivalent counterion interactions with poly-

electrolyte brushes, the specific mechanisms of Mg2+ interactions with DNA-NP

ligands remain poorly understood and inadequately theoretically described.

In this work, we demonstrate that even without employing base-pairing

programmability, DNA remains an effective generic ligand that directed soft

crystallization through interactions with divalent magnesium ions. Specifically,

we used polythymine ligands of varying lengths to avoid complications from

both secondary structures and base-pairing. In addition, we employed paral-

lel small-angle X-ray scattering (parSAXS), a technique recently developed in

our lab to spatially probe crystallization events in situ [224]. Our results high-

light the potential utility of DNA-NP assemblies beyond typical base-pairing

designs and monovalent salt conditions. Unexpectedly, non-base-pairing DNA-
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NPs formed highly-ordered crystalline monolayers across a broad range of ionic

strengths in MgCl2. The interparticle spacing within DNA-NP monolayers

could be controlled by both material design (ligand length) and external en-

vironment (ionic strength). Moreover, we developed an empirical model that

takes into account the unique and complex interactions of DNA with Mg2+, thus

providing a basis for engineering the lattice spacing of DNA-NP assemblies in

MgCl2. Since non-base-pairing DNA-NPs were employed in our studies, we

expect that the crystallization phenomena observed will be extendable to other

polyelectrolyte-based soft-sphere systems.

2.3.2 Effects of ligand length and salt on AuNP crystallization

We utilized our recently developed parSAXS and lab-on-a-drop techniques to

probe the interactions, surface accumulation and crystallization of DNA-NPs

across a range of MgCl2 ionic strengths. Our studies were performed with a

non-base-pairing DNA-NP system comprised of gold nanoparticles (∼14 nm in

diameter) densely capped with polythymine ligands (dTn) of variable lengths

(where n = 15, 30, 45, 60 bases) as illustrated in (Figure 2.14). The colloidal

droplet containing polythymine-capped nanoparticles (dTn-NPs) was deposited

in a sealed chamber containing a buffer reservoir with the same salt concentra-

tion to maintain the equilibrium vapor pressure in the chamber and thus stabi-

lize the droplet volume and minimize far-from-equilibrium drying effects [224].
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Figure 2.14: A) Material scheme illustrating gold nanoparticles capped with a
soft non-base-pairing DNA corona. Polythymine ligands of varying lengths, N,
were utilized to eliminate base-pairing and minimize formation of secondary
structures. The softness of the nanoparticle, χ, is defined as χ = Lc/R, where
Lc is the contour length of DNA ligand and R is the nanoparticle radius. B)
Experimental scheme illustrating the investigation of nanoparticle interactions
at the air-water interface of a sessile droplet. ParSAXS provides information on
crystalline order as well as interparticle spacing, DNN , and the effective brush
height, h.
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We first investigated the effects of counterion type on the interactions of

DNA-NPs across a range of ionic strengths of monovalent NaCl and divalent

MgCl2. Although previous works had suggested that base-pairing was nec-

essary to facilitate crystallization of DNA-NPs [144, 224], we noted that base-

pairing DNA-NPs precipitated at relatively low ionic strengths of 0.3 M MgCl2

(data not shown). On the other hand, non-base-pairing dT30-NPs remained sta-

ble up to ionic strengths of 1.8 M in MgCl2. The surface accumulation of DNA-

NPs is a thermodynamic process characterized by the reduction of surface ten-

sion from increased DNA-NP packing at the air-water interface leading to the

formation of a Gibbs monolayer [221, 222, 224]. At low NaCl ionic strengths of

0.3 M and 0.6 M, insufficient charge screening resulted in sparse packing of dT30-

NPs at the interface such that no short-range order was observed (Figure 2.15a).

Short-range order was evident from NaCl ionic strengths of 1.2 M and above

(Figure 2.15a) but no crystalline order was detected even when ionic strength

was increased up to 3.0 M (data not shown). However, in MgCl2, dT30-NPs

assembled into monolayers at the air-water interface with short-range order at

ionic strengths of 0.3 M and above. Notably, crystalline monolayers of dT30-NPs

were achieved at a MgCl2 ionic strength of 1.5 M (Figure 2.15a) and the DNA

brush height was significantly smaller in using Mg2+ counterions compared to

Na+ counterions at the same ionic strengths (Figure 2.15b). These results indi-

cate that Mg2+ is much more effective at charge screening than Na+ at the same

ionic strength, which is consistent with previous studies that were performed

on single-stranded DNA molecules [248].
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Figure 2.15: A) Scattering spectra (I, III) and corresponding structure factor
curves (II, IV) for dT30-NPs organized at the air-water interface in NaCl vs
MgCl2 ionic solutions. Nanoparticle monolayers with short-range order were
indicated by the appearance of first-order streaks in the scattering spectra.
Long-range crystalline order was indicated by the appearance of higher-order
streaks (white arrows). B) The brush heights of dT30-NPs in NaCl and MgCl2

were computed from the average interparticle spacing at multiple locations
along the air-liquid interface of an individual droplet. Mg2+ counterions yield
consistently smaller brush heights at the same ionic strength than Na+. C) The
behavior of base-pairing-NPs (dT30 with an 8-base palindromic sequence) and
non-base-pairing dT30-NPs across different ionic strengths of NaCl and MgCl2

is summarized based on experimental observations. The combination of Mg2+

counterions with non-base-pairing dT30-NPs resulted in ordering over a broad
range of ionic strengths. Behavior of base-pairing NPs in NaCl is adapted from
literature for comparison.
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Additionally, we revealed that crystallization of non-base-pairing dTn-NPs

could be engineered simply by adjusting the length of the polythymine ligands

and tuned further by the ionic strength of Mg2+. While no crystalline mono-

layers were produced for DNA-NPs with short dT15 ligands, crystalline mono-

layers with long-range order were generated for longer dT30, dT45 and dT60 lig-

ands in MgCl2 solution (Figure 2.16). This was observed across a significantly

broader range of ionic strengths (from 0.6 to 1.8 M) than previously reported

for base-pairing DNA-NPs in monovalent NaCl solutions (∼ 0.5 M) [224]. Over-

all, longer polythymine ligands favored the crystallization of non-base-pairing

dTn-NPs, which may be attributed to the increased interactions of the DNA lig-

and with divalent Mg2+ counterions that can direct organization of DNA-NPs.

These results underline that non-base-pairing DNA-NPs, unlike base-pairing

DNA-NPs, are more stable in high ionic strengths of MgCl2 solutions and ex-

hibit long-range ordering over a broader range of ionic strengths. To evaluate

the crystalline order within the DNA-NP monolayers, the grain size diameter

and the static Debye-Waller factor was fit to the experimental structure factor,

revealing that the grain size of crystalline monolayers was dependent on both

the ligand length and ionic strength of MgCl2 in solution (Figure 2.17). The rel-

ative peak positions of the structure factor further confirmed the formation of

a 2D hexagonal crystalline monolayer at the air-water interface (Figure 2.17).

After correcting for resolution effects [226], we determined that a maximum

grain size of 545 nm was achieved at an ionic strength of 1.5 M MgCl2 for

dT45-NPs, which was notably larger than the 365 nm previously reported for

base-pairing DNA-NPs in monovalent salts [224]. This is consistent with the

aforementioned improved stability and increased long-range ordering of non-

base-pairing DNA-NPs.
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Figure 2.16: Effects of DNA ligand length and ionic strength on the ordering
of DNA-NPs at the air-water interface. The spectra shown here are the ex-
perimental structure factor taken near the apex of the colloidal droplet pro-
file. Higher-order peaks (green and red lines) are indicative of long-range or-
der in the nanoparticle monolayer and appeared in the spectra for higher ionic
strengths as well as longer ligand lengths.
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Figure 2.17: A) Example structure factor showing crystalline order for dT60-NPs
at an ionic strength of 1.5 M MgCl2. The relative positions of the Bragg peaks
with respect to the first-order peak indicate a simple 2D hexagonal lattice. B)
A fit of the theoretical to the experimental scattering spectra for dT60-NPs at an
ionic strength of 1.2 M MgCl2.
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2.3.3 DNA brush height in divalent salts

In addition to the stability and ordering aspects, interparticle spacing is another

important parameter for engineering nanoparticle supracrystals with lattice-

dependent and distance-dependent properties such as plasmonic coupling. In

terms of polymer science, DNA-NPs can be regarded as spherical polyelec-

trolyte brushes. For an ordered DNA-NP monolayer, the interparticle spacing

(center-to-center distance, DNN) can be geometrically expressed as a function of

the effective DNA brush height (h), DNN = 2(h + R), where R is the radius of the

nanoparticle. In turn, the brush height of soft DNA-NPs can be described by

the modified Daoud-Cotton model (mDC model) for spherical polyelectrolyte

brushes [249, 250]:

h
R

= (1 + KNbR−1(
vσ
lK

)1/3)3/5 − 1 (2.12)

where K is a proportionality constant typically taken as unity, N is the num-

ber of bases, b is the length per base (0.65 nm/base for ssDNA), σ is the DNA

coating density (chains/nm2) and lK is the Kuhn length. The excluded volume

parameter, v, can be approximated as the cubic function of the Kuhn length,

v ∼ lK
3, as proposed by Tirrell and coworkers [231]. For monovalent salt condi-

tions, the Kuhn length can be expressed as a function of the salt concentration

based on the Debye screening length, and the mDC model can be further modi-

fied into [224]:

h
R

= (1 + K1NbR−1(
σ

cs
)1/3)3/5 − 1 (2.13)
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where K1 is a proportionality constant (K1 ∼ 2.7) and cs is the monovalent

salt concentration. Using this equation, we fit the brush height of our sam-

ples in NaCl to obtain the footprint of the DNA ligands on our particles (σ =

0.135 chains/nm2). However, variations of the DC model no longer holds due

to anomalous charge screening effects as well as potential ion-bridging interac-

tions and DNA-DNA attractions that are associated with the presence of diva-

lent MgCl2 [?, ?, ?, ?, ?, ?]. To correct for this deviation, we considered that these

additional effects on brush height, unaccounted for by the original mDC model,

were dependent on both the ligand length in terms of the number of bases N

and ionic strength I. Hence, we suggest to model the excluded volume param-

eter and the effective Kuhn length of the DNA ligand as, v/lK ∼ I−βN−γ, with

empirical scaling exponents β and γ which leads to the following equation:

h
R

= (1 + K6NbR−1(σI−βN−γ)−1/3)3/5 − 1 (2.14)

Using K6, β and γ as fitting parameters, we obtained K6 = 4.56, β = 1.2,

and γ = 1 with a remarkable fit (reduced-χ2 = 0.996) for the effective brush

height of DNA-NPs in MgCl2 (Figure 4a, see Supplementary Information). In

comparison, the corresponding values for monovalent Na+ counterions are K =

2.70, β = 1, and γ = 0, which are consistent with the mDC model previously

reported [224]. The empirical model developed here can serve as the foundation

for designing ordered DNA-NP crystals in the presence of divalent salts. In

addition, our model that estimates v
lK
∼ I−1.2N−1 may be extended to planar and

spherical polyelectrolyte brushes, (DNA attached with proteins and even free

ssDNA in solution).

While earlier works have noted the role of brush compression in the soft
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crystallization of DNA-NPs [?, ?], the spectrum of ligand lengths and ionic

strengths for which crystallization was achieved with MgCl2 in conjunction

with dTn-NPs provided greater insight into directing crystallization of DNA-

NPs. To help describe the system, we define the softness of the DNA-NPs by

χ = LC
dcore

, where LC is the contour length of the ligand and dcore is the diameter of

the nanoparticle (see Supplementary Information). Subsequently, we obtained

a dimensionless parameter for brush compression, λ, by normalizing the effec-

tive brush height of DNA-NPs with the contour length of DNA ligand such that

λ = h
LC

. Interestingly, long-range order achieved in the crystallization of DNA-

NPs through MgCl2 interactions was characterized by a high degree of brush

compression (λ < 0.4) that was afforded by softer nanoparticles (χ > 2) as shown

in Figure 4b. Conversely, only short-range order was achieved at a low degree

of brush compression, owing either to a low softness parameter ((χ < 1) for dT15-

NPs in MgCl2 or insufficient charge screening in the case of monovalent NaCl.

These results highlight the implications of nanoparticle softness and brush com-

pression in engineering the crystallization of soft-sphere systems, which in turn

can be controlled by parameters such as ligand length, counterion type and ionic

strength.
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Figure 2.18: A) Brush height of non-base-pairing DNA-NPs of different ligand
lengths across a range of MgCl2 ionic strengths, computed from the average
interparticle spacing obtained from different points of the air-water interface
along the droplet profile. The lines were based on our variation of the Daoud-
Cotton model which was fit to experimental data. B) Brush compression was
calculated as a function of the ligand contour length and arbitrary boundaries
were added to highlight the conditions favoring crystallization of non-base-
pairing DNA-NPs in MgCl2. As a comparison, the brush height of dT30-NPs
in NaCl was also included.
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2.3.4 Summary

Despite the remarkable progress achieved thus far in understanding and ma-

nipulating the interactions of DNA-NPs, there remains a surprising dearth of

information on their interactions and assembly in divalent salts which are essen-

tial in both biological systems and structural DNA nanotechnology. Here, we

demonstrated that DNA-NPs designed without any base-pairing programma-

bility were not only stable in high divalent salt concentrations but can also or-

ganize into highly-ordered monolayers at the air-water interface in the presence

of Mg2+ counterions. Furthermore, we revealed that the crystallization of non-

base-pairing DNA-NPs, as well as the interparticle spacing within lattices, can

be controlled either bfy ligand length or by ionic strength. Additionally, we

presented an empirical model for interparticle spacing that takes into account

the anomalous interactions arising from the magnesium counterion in solution,

which may serve as a guideline for engineering soft crystallization in divalent

salt environments. Given the ubiquity and importance of the magnesium ion

in biology and nucleic acid engineering, we expect these new insights to ex-

pand the compatibility and utility of DNA-NPs with other materials (e.g. DNA

nanostructures, enzymes) and also other ionic environments containing multi-

valent counterions. Moreover, since our nanoparticle-ligand system does not

involve any DNA-specific Watson-Crick base-pairing, our results on ligand and

counterion effects may also be extended to other spherical polyelectrolyte brush

systems.
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2.3.5 Materials and Methods

Nanoparticle Preparation

All ssDNA used in our system were consisted of varying lengths of 15, 30, 45

and 60 thymine bases with a 5-terminal thiol modification (Integrated DNA

Technologies, Inc.). Gold nanoparticles with diameters of ∼14 nm were synthe-

sized according to the literature.21 Thiolated oligonucleotides were activated

using tris(2-carboxyethyl)phosphine from Sigma Aldrich (St. Louis, Missouri)

and incubated with nanoparticles at a DNA-to-nanoparticle ratio of 1000:1 in the

presence of 0.1% sodium dodecyl sulfate. In order to generate densely-capped

nanoparticles, charge screening was achieved through addition of sodium chlo-

ride (NaCl) in 30 min intervals to a final concentration of 0.3 M to generate

densely-capped nanoparticles. The mixture was aged at room temperature for

another 10-12 h overnight. The samples were washed multiple times, cen-

trifuged and exchanged into Milli-Q water. NaCl and MgCl2 used for buffer

solutions were obtained from Sigma Aldrich (St. Louis, Missouri).

Experimental Setup

In a typical experiment, several 1.5 µL droplets of DNA-NPs were placed on a

cleaned silicon substrate (Figure 2.6). The sample was kept in a closed chamber

containing a reservoir filled with a monovalent NaCl or divalent magnesium

chloride (MgCl2) salt solution at the same ionic strength as the droplet (Figure

2.13). This maintains the vapor pressure within the chamber and minimizes

evaporation.
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X-ray Scattering Experiments

Parallel SAXS (parSAXS) experiments were performed at the D1 station at the

Cornell High Energy Synchrotron Source (CHESS). The D1 station utilizes a

high-flux X-ray beam (typically 1012 photons s−1 mm−2) with a wavelength of

1.26 Å at a bandwidth of 1.5% using a multilayer monochromator. The incident

beam was collimated to a beam size of 0.3 mm (H) × 0.2 mm (V). The substrate

was aligned parallel to the X-ray beam (parSAXS) so that the droplets could

be probed at their apexes without the beam being reflected from the substrate.

Typically a mesh scan of a whole droplet was performed in order to identify

the best beam positions. A MedOptics CCD detector was used to capture the

scattered images at a sample-to-detector distance of 1493 mm.

Data Processing

The nanoparticle size distribution was measured to be 13.6 ± 0.7 nm by fitting

the experimental form factor obtained from bulk scattering at the center of the

droplet. ImageJ (Bethseda, Maryland) was used to determine the interparticle

spacing by measuring the q-spacing between first-order peaks in the scattering

spectra. The brush height, h, can be expressed as h = (DNN −2R−2L6C f )/2, where

L6C = 0.5 nm for the alkyl spacers.
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CHAPTER 3

ASSEMBLY OF NANOPARTICLE MOLECULES VIA BRANCHED DNA

3.1 AuNP dimers assembled via ”DNA-nets”

3.1.1 Introduction

One of the fundamental challenges of nanoscience and nanotechnology today

is to organize nanoparticles, now increasingly recognized as ’artificial atoms’,

into higher-ordered structures analogous to molecules, polymers, and crystals

[114]. Inorganic nanoparticles in particular have garnered significant interest

for their unique size- and morphology-dependent properties in the nanoscale,

much unlike bulk materials which typically possess constant physical proper-

ties [11, 60–63]. While significant advances in wet chemistry synthesis have en-

abled rational control of nanoparticle size and morphology over a wide rage

of inorganic materials, it remains a challenge to rationally assemble nanoparti-

cles into molecule-like configurations, polymer chains and long-range crystals.

A strong motivation for this is that the collective properties of nanoparticle as-

semblies in well-defined spatial configurations and crystal lattices result in a

dramatically different electromagnetic coupling profile among nanoparticles as

compared to those of materials in the bulk phase, isolated nanoparticles, and

disordered nanoparticle assemblies [?, ?, 64, 65]. Metallic nanoparticles (plas-

monic nanoparticles) are of particular interest due to the unique plasmonic ef-

fects arising from the collective oscillations of conduction band electrons on the

nanoparticle surface. These surface plasmons can hybridize when nanoparticles

are in close proximity, resulting in strong near-field coupling and dramatic field
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enhancement effects. Thus, the ability to organize metallic nanoparticles could

have profound implications on the precise manipulation of light-matter interac-

tions at the nanoscale while circumventing the diffraction limit [76]. The ability

to assemble these plasmonic atoms into specific molecular and crystalline con-

figurations could pave the way for the incorporation of nanoparticle plasmonics

into miniaturized optoelectronic devices, sensors and photonic circuits, as well

as medical diagnostics and therapeutics.

DNA has been successfully used as a ligand for organizing gold nanopar-

ticles due to its unique recognition specificity in Watson-Crick base-pairing, as

well as excellent monodispersity in both sequence and length. Furthermore, as

a flexible yet strongly charged polyelectrolyte, DNA mediates strong nanopar-

ticle core-core attractions by introducing electrostatic repulsion between the

”soft” DNA corona of nanoparticles [137–139]. This not only serves to pro-

tect nanoparticles from aggregation but also allows DNA ligand-ligand inter-

action to dominate, enabling sequence-specific crystallization of DNA-capped

nanoparticles [142, 143] as well as drying-mediated crystallization of nanopar-

ticles with a soft, compressible DNA corona [144, 145]. However, it remains a

challenge to direct the organization of ’nanoparticle molecules’ as it would re-

quire spatial and directional control over the interactions of individual nanopar-

ticles. Alivisatos first demonstrated the organization of nanoparticle molecules

in a seminal work using a single DNA ligand coupled onto 1.4 nm monoma-

leimide nanogold [6]. However, for larger particle sizes relevant to plasmonic

applications, it becomes difficult to directly monofunctionalize nanoparticles

with ssDNA, often requiring extensive processing or purification [157]. Several

strategies involving other forms of geometric restriction on either the function-

alization process or directly on the assembly process have successfully yielded
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specific configurations of nanoparticle molecules. Notably, Maye and cowork-

ers used geometric restriction imposed by a substrate to anisotropically func-

tionalize Janus DNA-capped AuNPs which could be assembled into dimeric

nanoparticle molecules at extremely high yields [140]. Recently, chiral nanopar-

ticle molecules have also been assembled by exploiting geometric restriction

imposed by a template – DNA-capped nanoparticles were hybridized in a heli-

cal fashion along a DNA origami template [251]. In this case, steric effects from

the origami template prevented the isotropically-functionalized AuNPs from

hybridizing onto or crosslinking with more than one template. One strategy

for assembling nanoparticle molecules is to limit the number of DNA linkers

per nanoparticle (NL), which scales with the ratio of nanoparticle surface area

(ANP) and DNA linker footprint (σL) such that NL ∝ ANP/σ . For a two-particle

system with each particle containing DNA linkers complementary to each other

at respective linker densities of NL,a and NL,b, different outcomes of assembly

may arise depending on NL,a and NL,b, barring steric effects from nanoparticles:

(a) NL,b:NL,a nanoparticle multimers can be achieved if NL,a = 1, (b) nanoparticle

polymers can be achieved if NL,a = NL,b = 2, and (c) random nanoparticle clus-

ters will form for all other NL,a and NL,b. For small nanoparticles, ANP is small,

and it is straightforward to limit NL for ssDNA linkers. However, this becomes

increasingly challenging as nanoparticle size increases.

Here, we present a new approach of utilizing ligand-imposed geometric re-

striction for controlled functionalization of AuNPs and assembly of nanoparti-

cle molecules. We rationally designed branched ”DNA-nets” to maximize sur-

face coverage (σ) on AuNPs while minimizing steric effects that might limit

the hybridization of nanoparticles. Notably, we achieved a loading number of

NL ≤ 6 for 5-, 10- and 15-nm AuNPs, which is dramatically less that typical
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loading of ssDNA on AuNPs (NssDNA ∼70 and ∼110 for 10- and 15-nm AuNPs

respectively) [234]. By limiting the loading number, we were able to success-

fully hybridize nanoparticle heterodimers and homodimers. Interestingly, the

edge-to-edge interparticle spacings for these dimeric ”molecules” suggest that

the DNA-nets hybridized in a cis-like configuration to surround the nanopar-

ticle pairs. This strategy of ligand-imposed restriction for the functionalization

and subsequent assembly of nanoparticles is particularly appealing since these

DNA-nets can be rationally designed for optimal loading onto nanoparticles of

different sizes and shapes.

3.1.2 Design and synthesis of ”DNA-nets”

DNA-nets were designed to maximize surface coverage on the nanoparticle yet

minimize steric effects for DNA hybridization. Branched X-shaped (X-DNA)

and Y-shaped DNA (Y-DNA) synthesized in our previous works were used as

the building blocks [39, 42, 51]. Unlike ssDNA ligands typically used in ”soft”

DNA-AuNP systems, DNA-nets are relatively rigid structures with multiple ter-

minal ends that allow for anisotropic modifications. In our design, the X-DNA

core contains a thiol-modification for conjugation onto AuNPs and two phos-

phorylated sticky ends on opposite arms for ligation of Y-DNA branches (Fig-

ure 3.1). Each Y-DNA branch contains two free terminal ends which may con-

tain linker sequences for hybridization and/or dye modifications for quantifica-

tion of loading. Individual Y-DNA and X-DNA building blocks have previously

been reported to assume three-dimensional configurations similar to flattened

trigonal pyramids and square pyramids respectively [?, 252]. With this in mind,

we designed the length of DNA between the X-DNA and Y-DNA junctions to
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be a multiple of five base pairs (the rotation per base pair ∼ 36o) so that the

Y-DNA branch extends along the axis of the X-DNA arm. Thus, we expect the

final product to be an amalgamation of individual building blocks, resembling a

”DNA-net” that can be ”cast” over a nanoparticle surface (Figure 3.1). Based on

calculations for each segment of dsDNA in a ’DNA-net’ structure, we estimate

the end-to-end distance of a single ’DNA-net’ to be in the order of ∼25 nm.

To synthesize DNA-nets, Y-DNA branches are ligated in excess onto the

X-DNA cores and the product is concentrated and purified using a 100 kDa

MWCO size-exclusion column. The successful synthesis and purification of

DNA-nets was confirmed through gel electrophoresis (Figure 3.2). As observed

in Figure 3.2A, DNA-nets containing with single linker (LA) were obtained

monodispersed quantities. Next we proceeded to test the hybridization effi-

ciency between DNA-nets. The hybridization of DNA-nets containing comple-

mentary linkers on different terminals (X-terminal vs Y-terminal) revealed a dra-

matic improvement of hybridization efficiency when the linker is positioned on

the Y-terminal (data not shown). Hence, the linker sequences were positioned

on the terminals of Y-DNA branches in all subsequent designs of DNA-nets.

Gel electrophoresis results confirmed that the hybridization is specific only to

DNA-nets containing complementary sequences (Figure 3.2B). When DNA-nets

containing a single linker (LA) are hybridized to DNA-nets containing a com-

plementary linker sequence (LB), dimers are formed in relatively high yields.

Furthermore, DNA-nets with complementary linkers can hybridize effectively

regardless of whether it is attached onto the left (LB,L) or right (LB,R) Y-DNA

branch (Figure 3.2B, Lanes 5 and 6).
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Figure 3.2: Gel electrophoresis confirmed the successful synthesis of DNA-nets.
Gel (A) shows a representative gel electrophoresis result from the synthesis and
purification of DNA-nets. From lanes 1 to 7: 1) DNA 100bp ladder, 2) X-DNA
building block (∼50 kDa), 3) Y-DNA building block (∼35 kDa), 4) ligated DNA-
net with a single LA on one end, 5) DNA-net from (4) after column purification,
DNA-nets containing a single linker of LA or LB were hybridized at 150 mM
NaCl and characterized with gel electrophoresis as shown in panel B. LB was
attached onto the left or right Y-DNA terminals and are referred to as LB,L and
LB,R respectively. By default, all LA sequences used were attached on the right
Y-DNA terminal. Combinations of DNA-nets from lanes 1 to 8: 1) LA alone, 2)
LB,L alone, 3) LB,R alone, 4) LB,L+LB,R, 5) LA+LB,L, 6) LA+LB,R.
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3.1.3 Functionalization of AuNPs with DNA-nets

DNA-nets with linker sequences were functionalized onto AuNPs of different

sizes (5-nm, 10-nm, and 15-nm) by adapting protocols for functionalization

of ssDNA onto AuNPs previously reported in literature (Figure 3.3). Briefly,

citrate-capped AuNPs were mixed with thiolated DNA-nets and incubated for

4 hrs. Thiolated polythymine (dT5) ssDNA sequences were then added to the re-

action mixture followed by salt aging to densely coat and protect the remaining

surface of the nanoparticles. The dT5 ssDNA corona is necessary for the protec-

tion and stability of the functionalized AuNPs as the DNA-nets alone are unable

to densely functionalize the AuNPs due to steric effects. Based on the estimated

end-to-end distance of ∼25 nm for a DNA-net structure, we expect only a single

DNA-net to fit onto a 5-nm AuNP. As the AuNP size increases, the loading of

DNA-nets would increase as well. Gel electrophoresis confirmed the successful

functionalization of DNA onto AuNPs (Figure 3.4). Functionalized AuNPs of

different sizes were loaded into an agarose gel at equivalent optical densities

for the purpose of visual comparison. Since the extinction coefficient of AuNPs

increases logarithmically with particle size [253], the concentration of AuNPs

at a given optical density increases with decreasing nanoparticle size. Thus the

total amount of DNA in each nanoparticle band would likewise increase with

decreasing nanoparticle size. Gel electrophoresis revealed relatively monodis-

persed nanoparticle bands with some visible smearing that may be attributed

to variations in the loading and configurations of DNA-nets on AuNPs. UV-

illumination images of the gel displayed DNA bands that were congruent with

the nanoparticle bands, indicating successful functionalization of AuNPs with

DNA.
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Figure 3.3: Citrate-capped AuNPs with different diameters (5-nm, 10-nm and
15-nm) were mixed with DNA-nets containing thiol modifications deprotected
with TCEP. The solutions were incubated for 4 hrs before adding a dT5 protect-
ing sequence, followed by salt aging to densely coat the remaining surface of
the nanoparticles.
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Figure 3.4: Representative gel electrophoresis image of 5-nm, 10-nm and 15-nm
AuNPs functionalized with DNA-nets containing linkers LA and LB. Top gel:
Digital color image showing electrophoretic migration of AuNPs. Bottom gel:
DNA bands corresponding to AuNP bands observed under UV illumination.
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To confirm the loading of DNA-nets onto the AuNPs, we modified the DNA-

net design to contain a Cy5 fluorescent dye modification on one of the termi-

nal branches. Cy5-modified DNA-nets were functionalized onto AuNPs as de-

scribed in Figure 3.3 at different ratios and the final product was washed ex-

cessively to remove unbound DNA structures. DNA was liberated from the

purified AuNPs with dithiolthreithol (DTT). Fluorescent and absorbance mea-

surements subsequently revealed the concentrations of Cy5-modified DNA-

nets and AuNPs in the sample. The average loading number of DNA-nets onto

AuNPs was calculated based on the measured ratio of DNA-nets to AuNPs and

is shown in Figure 3.5. We achieved loading numbers of less than six DNA-nets

per nanoparticle for 10-nm and 15-nm AuNPs which is dramatically less com-

pared to ∼70 and ∼110 ssDNA loaded onto nanoparticles as previously reported

in literature [234]. Notably, we successfully achieved monofunctionalized 5-nm

AuNPs with a 1:1 DNA-nets-to-AuNP ratio.
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Figure 3.5: Loading of Cy5-modified DNA-nets on AuNPs of different sizes.
Cy5-modified DNA-nets were functionalized onto AuNPs at different initial
DNA-net:AuNP ratios and subsequently liberated via DTT for independent
concentration measurements of DNA-nets (via fluorescence) and AuNPs (via
absorbance). The average loading number of DNA-nets onto AuNPs was calcu-
lated from the final concentrations of DNA-nets:AuNPs in the sample solution.
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3.1.4 Hybridization of AuNP molecules

Having ascertained the loading number of DNA-nets on the AuNPs, we pro-

ceeded to hybridize AuNPs by virtue of complementary linker sequences

into various dimeric molecular configurations. Figure 3.6 shows the gel elec-

trophoresis result from hybridization of nanoparticles. Notably, hybridization

was specific only between AuNPs containing complementary linker sequences.

TEM characterization revealed successful formation of heterodimers and ho-

modimers between AuNPs of different sizes (Figure 3.7). Interestingly, the edge-

to-edge interparticle spacing (Dee) decreased with increasing sizes of AuNPs

that were paired with 5-nm AuNPs. Specifically, the spacings for 5-nm AuNP

homodimers, 5-nm/10-nm AuNP heterodimers and 5-nm/15-nm AuNP het-

erodimers were 1.50 ± 0.38 nm, 1.03 ± 0.16 nm and 0.79 ± 0.16 nm respec-

tively. The decreased spacings provide valuable insight into the relative con-

figurations of the DNA-nets and the AuNPs. The small spacings (Dee ≤ 1.5)

confirms that the interstitial space within dimeric AuNPs is occupied by the

dT5 ssDNA protective corona rather than the rigid and bulky DNA-net struc-

ture. This is consistent with the contour length of ∼1.7 nm for the dT5 ligand.

Furthermore, the decreasing Dee observed for nanoparticle pairs of increasing

sizes is indicative of compression and interdigitation between the dT5 coronae

of AuNPs. This phenomenon can be attributed to spatial constraints imposed

by a three-dimensional rigid ”frame” surrounding the nanoparticle dimer (see

scheme in Figure 3.7) created upon hybridization of DNA linkers.
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Figure 3.6: Gel electrophoresis image of 5-nm, 10-nm and 15-nm AuNPs func-
tionalized with DNA-nets containing linkers LA and LB hybridized to each
other. A) Hybridization of 5-nm and 10-nm AuNPs. From left to right: 10-LA

alone, 10-LB alone, 10-LA hybridized with 5-LB, 10-LB hybridized with 5-LA, and
10-LA hybridized with 10-LB. The top gel is a color image tracking AuNP migra-
tion while the bottom gel is a UV illumination image stained for DNA. Arrows
indicate expected bands of dimeric products. B) Hybridization of 5-nm and 15-
nm AuNPs. From left to right: 15-LA alone, 15-LB alone, 15-LA hybridized with
5-LB, and 15-LB hybridized with 5-LA. The top gel is a color image tracking
AuNP migration while the bottom gel is a UV illumination image stained for
DNA. Arrows indicate expected bands for dimeric products.
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Figure 3.7: TEM images of AuNP molecules formed through hybridization of
DNA-nets. A) 15-nm and 5-nm heterodimers, B) 10-nm and 5-nm heterodimers,
and C) 5-nm homodimers. Scheme illustrates the likely configurations of hy-
bridized DNA-nets on dimeric AuNP molecules based on the interparticle spac-
ings calculated from multiple dimers identified in TEM images (n≥20).
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3.1.5 Summary

The directed assembly of nanoparticle ”atoms” into higher-ordered structures

in the form of molecules, polymers and crystals remain one of the fundamental

challenges of nanoscience and nanotechnology. Here, we present a new species

of rationally-designed branched DNA ligands that affords the controlled func-

tionalization of AuNPs towards directed assembly of DNA-based nanoparti-

cle molecules. We have demonstrated successful synthesis of ”DNA-nets” that

can be ”cast” onto AuNPs to maximize surface coverage and dramatically re-

duce the loading number onto each nanoparticle. Loading numbers of less

than six DNA-nets per nanoparticle have been achieved for 10-nm and 15-nm

gold nanoparticles (AuNPs), as compared to ∼70 and ∼110 ssDNA loaded onto

nanoparticles. Notably, we have also successfully obtained monofunctional-

ized nanoparticles with a 1:1 ratio of DNA-nets to 5-nm AuNPs. With control

over the loading number of DNA-nets on AuNPs, we successfully hybridized

AuNPs by virtue of complementary DNA linkers into homodimeric and het-

erodimeric molecular configurations. Nevertheless, although the feasibility of

this platform has been demonstrated for dimeric molecular configurations, cur-

rent yields of both nanoparticle functionalization and assembly will have to be

improved to achieve heterogeneous, multimeric nanoparticle molecules for real-

world optoelectronic applications. Future developments will also focus on opti-

mizing and customizing the structure of DNA-net for nanoparticles of different

sizes and shapes.
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3.1.6 Materials and Methods

Synthesis of DNA-nets

DNA oligonucleotides were synthesized from Integrated DNA Technologies

Inc. (Coralville, Iowa). The sequences used are listed in Table 3.1. All sequences

were ordered with standard desalting except for oligos containing Cy5 modi-

fications which underwent HPLC purification. X-shaped and Y-shaped DNA

building blocks (X-DNA, Y-DNA) were annealed using similar protocols de-

scribed in earlier works. Specifically, partially-complementary oligonucleotides

were mixed in a PCR tube at a concentration of 15 µm in annealing buffer (Tris-

EDTA buffer at pH 8.0 with 50 mM NaCl). The reaction was performed us-

ing an Eppendorf thermocycler with the following protocol: 1) Heat to 95oC

for 5 min, 2) Cool to 12oC by ramping temperature down at steps of 0.5oC/30

sec and holding the temperature at each step for 30 sec. To synthesize the de-

signed DNA-net structures, Y-DNA was ligated in excess onto the X-DNA cores

with T4 DNA ligase (Promega Inc, Madison, Wisconsin) at room temperature

overnight. Unless indicated otherwise, all linker strands were incorporated into

the Y-DNA branch on the ”right” side of the DNA-net structure, i.e. ligated to Xc

arm of the X-DNA core structure. Amicon ultracentrifuge columns (Millipore

Inc, Billerica, Massachusetts) with a molecular weight cut-off of 100 kDa were

subsequently used to remove the excess Y-DNA and concentrate the solution.

The buffer is also exchanged from ligase buffer back into annealing buffer in this

step. This is necessary as the components of ligase buffer can lead to nanoparti-

cle aggregation during functionalization. DNA-nets were characterized via gel

electrophoresis on a 3% agarose gel. The final concentrations of these nanos-

tructures were estimated from absorbance at 260 nm using a Nanodrop-1000
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spectrophotometer (Thermo Scientific, Wilmington, Delaware).

Synthesis of DNA-capped gold nanoparticles

Citrate-capped gold nanoparticles with diameters of 5, 10, and 15 nm were

purchased from Ted Pella Inc. (Redding, California). Thiol-modified DNA-

nets were deprotected using tris(2-carboxyethyl)phosphine (TCEP) from Sigma

Aldrich Inc. (St. Louis, Missouri) for 30 min and then directly added to nanopar-

ticle solutions at various DNA:nanoparticle ratios. The mixture was shaken at

room temperature for 4 hrs before adding poly-thymine (dT5) which had been

deprotected with TCEP as well. The mixture was further shaken for 1 hr at

room temperature and NaCl was added in two aliquots to a final concentration

of 250 mM. The reaction mixture was aged at room temperature for another 10-

12 hr. Subsequently, the mixture was centrifuged and washed excessively with

Tris-EDTA buffer (pH 8.0) containing 0.01% sodium dodecyl sulfate (SDS) and

50 mM NaCl to remove excess DNA. The functionalized nanoparticle solutions

were characterized via gel electrophoresis on a 1% agarose gel.

Quantification of DNA loading on gold nanoparticles

DNA-nets containing Y-terminal Cy5 modifications and X-core thiol modifica-

tions were functionalized onto gold nanoparticles using the protocol described

above. To quantify the number of DNA-nets functionalized onto each nanopar-

ticle, we adopted an approach employed by Mirkin and coworkers. Functional-

ized nanoparticles were incubated with 1M dithiothreitol (DTT) at a 1:1 volume

overnight to liberate the DNA from the nanoparticles. Next, the absorbance at
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525 nm and the fluorescence (excitation at 546 nm and emission at 666 nm) of the

solution were measured using a BioTek Synergy 4 plate reader (BioTek Instru-

ments Inc., Winooski, Vermont). The concentration of DNA-nets and nanopar-

ticles in the solution were determined based on standard curves obtained for

DNA-nets alone and nanoparticles alone. In addition, DNA-nets containing

Cy5 modifications but without thiol modifications were functionalized onto

nanoparticles and characterized as described above. The loading number of

non-thiolated DNA-nets were used as a baseline and subtracted from the load-

ing number of thiolated DNA-nets to give the average loading of DNA-nets on

AuNPs.

Nanoparticle assembly and characterization

Nanoparticle hybridization was done by mixing nanoparticle samples in Tris-

EDTA buffer with 150 mM NaCl and left to stand for 4 hr. TEM characteri-

zation of hybridized nanoparticles was carried out using a Tecnai T12 trans-

mission electron microscope (TEM). To quantify interparticle distance, dimeric

AuNP molecules with a discernible gap were selected and processed using Im-

ageJ (Bethseda, Maryland). Hybridized samples were also characterized via gel

electrophoresis on a 1% agarose gel.
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Strand name 5’-Modification/Sticky End Main Sequence

X-DNA core

Xa 5’-Phos-TTGC 5’-GACCGATGAATAGCGGTC
AGATCCGTACCTACTCG-3’

Xb
5’-Thiol 5’-CGAGTAGGTACGGATCTGC
None GTATTGCGAACGACTCG-3’

Xc 5’-Phos-TGAC 5’-CGAGTCGTTCGCAATACGG
CTGTACGTATGGTCTCG-3’

Xd None 5’-CGAGACCATACGTACAGCA
CCGCTATTCATCGGTCG-3’

Y-DNA arm 1

Y1a 5’-Phos-GCAA 5’-TGGATCCGCATGACATTC
GCCGTAAG-3’

Y1b
Cy5 5’-CTTACGGCGAATGACCGA
None ATCAGCCT-3’

Y1c

TCGCAGTCAG (LA) 5’-AGGCTGATTCGGTTCATG
CTGACTGCGA (LB) CGGATCCA-3’
None

Y-DNA arm 2

Y2a 5’-Phos-GTCA 5’-TGGATCCGCATGACATTC
GCCGTAAG-3’

Y2b
Cy5 5’-CTTACGGCGAATGACCGA
None ATCAGCCT-3’

Y2c

TCGCAGTCAG (LA) 5’-AGGCTGATTCGGTTCATG
CTGACTGCGA (LB) CGGATCCA-3’
None

Table 3.1: DNA oligonucleotides used for synthesizing DNA-nets. 5’-
phosphorylated (5’-Phos) sticky ends were designed for ligation of X-DNA
cores to Y-DNA branches. Y-DNA terminal branches were designed to contain
1) 5’-Cy5 modifications, 2) linker sequences LA or LB or 3) no modifications at
all.
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CHAPTER 4

CONCLUSION AND FUTURE OUTLOOK

One of the fundamental challenges of nanoscience and nanotechnology

today is to organize nanoparticles, now increasingly recognized as ’artificial

atoms’, into higher-ordered structures analogous to molecules, polymers, and

crystals. The potential for a new generation of designer materials and de-

vices created from nanoparticle ”atoms” have spurred on developments in the

nanoparticle assembly along with the rise of DNA-based nanoparticle assem-

bly. Aside from its high monodispersity and outstanding stability, DNA pos-

sess the unique characteristic of programmability in the form of Watson-Crick

base-pairing. In the last decade alone, DNA-based nanoparticle ”molecules”,

”polymers” and ”crystals” have been successfully demonstrated in a variety of

formats, configurations and with different materials. However, despite of these

recent efforts, there is still a tremendous lack of understanding on the nanoscale

interactions that govern the assembly process, thus limiting the customizability,

complexity, and utility of the final assembled product.

The works discussed in this dissertation seek to challenge the existing

trends of DNA-based assembly and also provide new insights into DNA-based

nanoparticle assembly that could pave the way towards a blueprint for the

rational design of complex nanoparticle assemblies. The seminal works of

Alivisatos and Mirkin highlight the first-ever DNA-based nanoparticle assem-

bly triggered a paradigm shift around the utility of DNA, from ”genetic” to

”generic”. Since then, progress in DNA-based assembly of nanoscale materials

have largely revolved around exploiting its unique programmability to much

success. Although Watson-Crick base-pairing is a defining advantage for DNA
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as a designer material, it is also somewhat of a double-edged sword: DNA

base-pairing is most effective in buffered salt solutions, thus limiting its util-

ity for assembling nanomaterials in the dehydrated state that would be useful

for interfacing with solid-state nanodevices. However, DNA remains an ex-

cellent ”generic” material with chemical and mechanical stability, monodisper-

sity, long range sequence and long-range length tunability among many other

desirable material attributes. In this thesis, we have demonstrated that with-

out base-pairing, DNA as a truly ”generic” material is still an excellent ligand

that can facilitate the assembly of nanoparticle superlattices. By applying a spa-

tial confinement in the form of a microhole to impose geometric constraints on

the drying colloidal droplet, we obtained free-standing DNA-capped nanopar-

ticle superlattices, in the dried state and without any salt. Notably, even with-

out any base-pairing, poly-thymine DNA as a ligand afforded incredible length

tunability, which in turn gave rise to tunable plasmonic and mechanical prop-

erties in our superlattice sheets. We also investigated the interactions and as-

sembly of DNA-capped nanoaprticles with and without base-pairing in mono-

valent and divalent salt conditions. Interestingly we observed the formation

of crystalline Gibbs DNA-nanoparticle monolayers at the air-water interface.

With base-pairing sequences, this was achieved over a narrow range of mono-

valent salt concentrations. However, we were unable to crystallize these in

divalent salt environments due to the instability of base-pairing DNA-capped

nanoparticles. On the other hand, without the strong enthalpic driving force

of base-pairing, polythymine-capped nanoparticles were surprisingly stable at

high ionic strengths of divalent counterions. In fact, they formed crystalline

Gibbs nanoparticle monolayers at a much broader range of ionic strengths than

was previously observed. These studies reiterated the prudence of considering
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DNA as a generic material beyond its base-pairing features and also provided

invaluable insight into the interactions of DNA-capped nanoparticles in various

ionic conditions. In addition, DNA-nanoparticles serve an excellent model sys-

tem for studying the complex interplay of forces and interactions in nanoscale

assembly. The monodispersity and tunability of DNA length, beyond that of

most other ligands, with molecular-level accuracy provides a valuable highly-

controllable parameter in a otherwise highly-complex system.

From here on, there is still a lot to explore. Our free-standing nanoparticle

superlattices in the dried state is ideal for interfacing with nanoscale devices.

To expand its utility, we will need to explore the use of different nanoparti-

cle material types and also increase the maximum size of sheets that can be

achieved. Furthermore, since the assembly process is largely driven by entropy,

we can also design and optimize packing ratios of different-sized nanoparticles

for the assembly of binary nanoparticle superlattices. Our studies on DNA-

nanoparticle assembly have not only provided us insights into interactions at

the air-water interface but have also provided a ”snapshot” of nanoparticle in-

teractions prior to the onset of far-from-equilibrium drying forces. Works in

literature have reported the formation of nanoparticle ”islands” at the air-liquid

interface during the drying process as precursors to large nanoparticle super-

lattices formed upon drying. Additional investigations into the effects of DNA

length, sequence and ionic conditions on the final nanoparticle assembly after

drying may furnish us with critical information that could go towards a rigor-

ous model for predicting the outcome of drying-mediated nanoparticle assem-

bly from a colloidal droplet.
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The third chapter in this thesis introduced a new approach for functionaliza-

tion of nanoparticles towards the goal of directed nanoparticle assembly. The

grand challenge of controlling nanoparticle assembly into discrete, well-defined

molecular architectures stems from the fundamental lack of vectorial control

over nanoparticle interactions. Linear DNA is the topological form of DNA

most commonly used in DNA-capped nanoparticles. While it may be effec-

tive in generating DNA-nanoparticle aggregates or isotropic DNA-nanoparticle

crystals, its small footprint on the nanoparticle surface and dense coverage

make it less than ideal for imparting vectorial control in nanoparticle assem-

bly. Nonetheless, there have been creative workarounds this glaring drawback -

mainly by exploiting some form of geometric restriction in the functionalization

process to impart some form of anisotropicity to the nanoparticle. Here, we ad-

dress the issue at hand directly by selecting the best topological form of DNA for

our purpose. Branched DNA is ideal because it is relatively rigid and can be ra-

tionally designed to maximize coverage of the nanoparticle. Most importantly,

it can be designed to be anisotropic and contain multiple terminals for either

”growth” into a larger structure or incorporating functionality. With the goal

of imparting some form of stoichiometric and/or vectorial control on nanopar-

ticle interactions, we designed ”DNA-nets” that could maximize coverage of

the nanoparticles and dominate particle-particle interactions. As a proof of con-

cept, we functionalized nanoparticles of different sizes with branched DNA-

nets and demonstrated that they could assemble into various homodimeric and

heterodimeric configurations. Naturally, at this stage, the yield of functional-

ization is still not ideal for practical applications. Future work will focus on

optimizing control over functionalization of nanoparticles either through reac-

tion conditions or by tweaking the structure of DNA-nets. In addition, more

121



linker pairs could be incorporated into the DNA-net design, affording assembly

of anisotropic multimeric nanoparticle ”molecules”.
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