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Abstract 

 
Expanding the Properties and Utility of DNA-Engineered Nanoparticle Superlattices through 

Monodispersity, Metallization, and Interfacing with Electronic Circuitry  

Taegon Oh 

Colloidal crystal engineering with DNA offers new opportunities for materials scientists to 

build and program the structures of superlattices beyond what can be accomplished in Nature with 

atomic crystal lattices. Thus far, such materials primarily have been studied for their optical 

properties due to the insulating nature of the DNA bonds and the large distances between the 

particles, a consequence of DNA length. In addition, the size heterogeneity of the colloidal crystals 

generated by all known techniques, limits the use of such structures for device applications. My 

thesis introduces strategies for controlling the growth and monodispersity of colloidal crystals 

engineered with DNA, introduces a novel way to metallize and strengthen the DNA bond 

interconnects, so that such structures can be moved from aqueous media into a wide variety of 

other media, and explores the functional consequences of metallization in the context of 

conductivity. 

Chapter 1 reviews the field of colloidal crystal engineering with DNA, setting the stage for 

the experiments carried out in this thesis. In Chapter 2, On Wire Lithography (OWL) is used to 

create nanowire devices that allow for the selective functionalization of electrodes with DNA and 

the controlled growth of nanoparticle devices in a pre-designed nanogap. Chapter 3 takes 

inspiration from biology where density gradients are used to separate proteins based upon size. In 

Chapter 3, a powerful density gradient method for controlling the growth of superlattices in such 

a way that they can be driven to one size is described. In this method, growth quenching is effected 

by the superlattices falling into sublayers that do not permit growth. Chapter 4 describes a post-
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synthetic stabilization procedure for DNA-assembled colloidal crystals that relies on Ag+ ions to 

form coordinate covalent bonds between the nucleobases in the “DNA bonds”. This substantially 

increases the stability of such structures and avoids the need to move them into solid-state matrices 

to study or use them. 

Using the methods introduced in Chapter 2 and the synthetic procedures described in 

Chapters 3 and 4, the work in Chapter 5 explores the conductivity of the metallized superlattices, 

showing that Ag+ not only stabilizes the DNA bonds but transforms them into conducting entities. 

Chapter 6 provides a forward looking perspective and examines the consequences of these 

advances with respect to generating programmable device architectures based upon nanoparticle 

superlattices engineered with DNA. 

 

 

__________________________________ 

Thesis Advisor: Professor Chad A. Mirkin  
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1.1 Objectives and Thesis Overview 

Most of the unique properties of nanomaterials, whose size regime sits between the atomic 

and microscopic scale, arise from their high surface-to-bulk ratio. The surface of the nanomaterial, 

along with composition, size, and shape, generates desirable materials characteristics. The surface 

properties play an especially important role in modulating the assembly of nanoparticles into 

superstructures, a process that is highly dependent on the surface charge, polarity, and specific 

interactions between surface ligands.1-8 Among the strategies for assembling nanoparticles into 

larger structures, DNA-mediated methods,1-2 pioneered by Mirkin, are a powerful approach where 

the hybridization of surface-immobilized DNA can act as nanoparticle “bonds.” Since DNA 

hybridization is highly specific with the formation of Watson-Crick base paring (Adenosine (A) – 

Thymidine (T) and Guanosine (G) – Cytidine (C)), one can deliberately program the selectivity, 

strength, and length of these nanoparticle bonds through the sequence design. The nanoparticle 

assemblies in this manner can be regarded as analogues of atomic arrangement but with 

programmable bonds, and from this analogy, the building blocks, DNA-functionalized 

nanoparticles, have been frequently termed as programmable atom equivalents (PAEs). 

Over the past decade, surface-immobilized DNA has been used to bring colloidal 

nanoparticles into proximity1 and as scaffolds for assembling nanoparticles of a broad range of 

sizes, shapes, and compositions into highly ordered colloidal crystals.2 In colloidal crystals, the 

physical properties of the individual building blocks are combined to exhibit a collective behavior 

not observed in the constituent components. Although colloidal crystals engineered with DNA 

have  promising optical applications due to their plasmonic and photonic properties;9-13 several 

significant challenges in DNA-assembled colloidal crystal engineering must be solved before they 

can be applied more broadly to photocatalysis, electronics, and others. 
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My dissertation will identify some of these challenges and discuss possible solutions to 

each of them. Chapter 2 defines the problem of charge transport between nanoparticles through 

DNA, and describes our attempts to measure the conductivity of DNA using nanogap devices. 

Chapter 3 discusses the polydispersity in microscopic geometries of colloidal single crystals, 

which plays a huge role in the structure-function relationship, and introduces a new method to 

enhance the uniformity based on density layers to quench overgrowth and coalescence. In 

Chapter 4, the structural stability of the colloidal crystals, which is sensitive to changes in 

temperature, solvents, and others, is substantially improved by the formation of metallo-DNA 

complex compounds. Chapter 5 examines the electrical conductivities of the metallo-DNA and 

metal-stabilized colloidal crystals and the possibility for the metallo-DNA to potentially become 

conductive nanoparticle bonds. 

 

1.2 Surface Modification and Nanoparticle Assembly with DNA  

In 1996, Mirkin and coworkers1 introduced polymeric aggregates of Au nanoparticles 

using the hybridization of surface-immobilized DNA strands. In this assembly system, two 

different types of non-complementary DNA strands terminated with thiol in the 3’-ends were 

functionalized onto Au particles using well-established Au-thiol conjugation chemistry.14 Upon 

the mixture of the DNA-functionalized nanoparticles with the “linker” strands, the DNA 

hybridization events connect nanoparticles together and initiate nanoparticle aggregation. The 

sequence design for “linker” strands is composed of two major parts: one part to hybridize with 

the surface immobilized strands and the “sticky end” that can hybridize with other linker strands 

of neighboring entities. The aggregation can be observed by the red-shifts of the optical extinction 

peak which reveals red-to-blue color change of the colloid due to the plasmonic coupling between 
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nanoparticles. As described in the next section, DNA-mediated nanoparticle assembly that utilizes 

this design has developed over the past two decades to employ the hybridization specificity, 

strength, and length, all of which are controllable with great precision by the sequence design, to 

realize highly ordered nanoparticle superstructures with programmable interparticle distance, bond 

strength, and crystal symmetries.  

 

1.3 Colloidal Crystal Engineering with DNA 

There are a handful methodologies for constructing ordered nanoparticle superlattices and 

colloidal crystals using surface charge, size, and hydrophilic/hydrophobic interactions.3, 5, 7-8 

Nearly all of these characteristics used for assembly are inevitably dependent on the composition, 

size, and shape of the core; therefore, the core dictates the resulting crystal lattice structure and 

symmetry. One of the most advantageous features of DNA-mediated colloidal crystal engineering 

is that assembly in this fashion can be isolated from the core composition and solely controlled by 

the surface-immobilized DNA design. Specifically, Park and coworkers15 reported the 

construction of body-centered cubic (bcc) and face-centered cubic (fcc) lattices composed of 

identical spherical Au nanoparticles, and the lattice symmetry was determined solely by the 

complementarity of the DNA-functionalized nanoparticles, which have subsequently become 

known as PAEs. Later, Macfarlane and coworkers16 developed design rules for nanoparticle 

superlattice formation based on the hydrodynamic radius of PAEs and the number of linker strands 

binding to the cores in addition to the complementarity. Since then, over 40 different crystal 

symmetries, including unprecedented quasicrystal structures,17 made of DNA-functionalized 

colloidal particles of various compositions13, 18-20 have been reported, with lattice parameters 

ranging from ~20 nm to few microns, that utilize anisotropic building blocks,21-23 preassembled 
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clusters,24 hollow PAEs,25 and DNA origami structures.26 As mentioned, the assembly dynamics 

in this system is independent of the core compositions, and superlattice formation with building 

blocks other than Au nanoparticles have been demonstrated.18 

Furthermore, based on the fact that DNA-mediated nanoparticle assembly exhibits sharp 

melting transition which is comparable to liquid-to-solid phase transition, Auyeung and 

coworkers27 reported the formation of microscale colloidal single crystals shaped in 

thermodynamically favored Wulff polyhedra using a slow cooling process. For example, the 

crystalline form of PAE assembly with bcc lattice symmetry will eventually form a rhombic 

dodecahedral crystal habit exposing (110) facets. In addition, colloidal single crystals shaped in 

cubes, octahedra, and rhombic dodecahedra were realized by the use of anisotropic building 

blocks,28 and Seo and coworkers29 revealed hexagonal prisms with AlB2 lattices as a kinetic 

product of crystallization process. 

In the meantime, substrate-assisted methods for DNA-engineered superlattice formation 

have been developed as a counterpart to solution-crystallized superlattices.30 In this approach, a 

substrate composed of a thin Au film is functionalized with DNA using Au-thiol chemistry. Then, 

a layer of PAEs is attached via DNA hybridization with the substrate-immobilized DNA. 

Additional PAE layers are built by iteratively introducing PAEs with DNA sequences that are 

complementary to the proceeding layer, thus, enabling layer-by-layer assembly of polycrystalline 

bcc lattices. These two-dimensional nanoparticle superlattice sheets can also be synthesized in 

millimeter scale, delaminated from the substrate, and conformally transferred to other 

substances.31 By using prepatterned posts, instead of a uniform Au layer, for assembly, one can 

control crystal domain sizes and orientations, allowing one to realize two-dimensional single 

crystal sheets and patterns with precise control over nano- and microscale geometries.32-33 Recently, 
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based upon the aforementioned advantages and extensive development of DNA-mediated 

superlattice formation, the studies on the characteristics in materials perspectives and attempts for 

practical applications have been carried out especially in the optical properties.9-11, 13, 34 
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2.1 Summary 

 While the efficacy of charge transport through native DNA duplex is rather disputable, the 

possibilities it will bring to the nanoparticle and molecular device society is beyond our depth. In 

this chapter, our attempts to build nanogap junction devices and results from the measurement of 

electrical conductivity through DNA and DNA-interconnected superlattices are introduced by 

means of templated electrochemical synthesis. The largest portion of this chapter is allocated to 

the asymmetric functionalization of template-synthesized nanostructures, which is a key part of 

the successful fabrication of molecule-bridged nanogaps. It describes a novel approach for the 

selective chemical functionalization and localized assembly of one-dimensional nanostructures 

(rods and gaps), based upon the systematic activation (DNA functionalization) and passivation 

(self-assembled monolayers) of specific surface sites through the use of orthogonal chemical 

reactions on electrochemically grown metal nanorod arrays in porous anodic aluminum oxide 

(AAO) templates. The ability to orthogonally functionalize the ends or the side of a nanorod, as 

well as the gaps between two rods, with different DNA strands allows one to synthesize 

nanostructure assemblies that would be difficult to realize any other way and that could ultimately 

be utilized for making a wide variety of device architectures. 

 

2.2 Background 

2.2.1 Experimental Approaches towards Single-DNA Charge Transport 

First suggested in early 1960s,36 the conductivity of DNA has drawn an enormous attention 

(and controversy) in the molecular electronics field due to the great potential represented by the 

flexibility, versatility, and programmability, seemingly ideal for molecular wires as long as it can 

transport charges effectively. Especially during the past two decades, based on technological 
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advances in experimental tools for building molecular junctions, researchers have utilized different 

strategies to build single- (or few-) DNA-bridged junctions to directly measure the conductance 

and I-V behavior. Before direct measurements with metal electrodes, the initial attempts were 

made based upon the incorporation of photoactive donor and acceptor molecules, which are 

conjugated organic compounds37 or metal complexes,38 in the two ends of DNA strands. In such 

systems, the charge transport behaviors were indirectly probed with changes in the optical 

properties (transient absorption/emission) of the acceptor probes as response to the photoexcitation 

of the donor molecules and diffusion of photoelectrons. More direct measurements with two-point-

probe configurations, where the applied voltage between the two electrodes is manually controlled 

and the only current paths is through DNA strands, were carried out from the late 1990s. Fink and 

Schönenberger39 used low-energy electron point source microscope equipped with a mobile 

electrical probe, and the resistance of a long DNA bunch (multiple strands, sub-1-µm) was 

measured to be few MΩ range. Dekker and coworkers40 built gapped Pt nanoelectrodes using e-

beam lithography and the sub-10 nm gap was bridged by (supposedly single or few) DNA strands, 

whose resistance was in GΩ range. Several methods were attempted and reported around that time, 

but the results were rather confusing among themselves, giving conductance values corresponding 

to from insulators41 to superconductors,42 mainly due to the lack of control experiments and 

different surrounding experimental conditions that possibly affected the structure of DNA.  

In 2003, Tao and coworkers developed a scanning-probe-microscopy- (SPM-) based 

method to build a molecular junction between the substrate and the probe that can be repeatedly 

connected and broken.43 Using this method, the conductance across the junction can be measured 

and statistically analyzed to generate reproducible conductance data. The SPM-break-junction 

technique was then used to examine the conductance through short DNA duplexes, DNA with 
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different conformations, mismatched DNA, and many others.44-48 In 2007, enabled by a wide use 

of carbon nanotubes and the development of e-beam lithography,49 Barton and coworkers used 

nanogaps formed by lithographically etched carbon nanotubes. The open gap was bridged by an 

amine-terminated DNA duplex (claimed based on the narrow width of electric leads) to be 

electrically examined. 50 A recent study used conductive atomic force microscopy to measure long-

range (tens of nanometers) charge transport through G-quadruplex DNA strands as well as DNA 

duplexes as a control.51 With these advances in measurement technology, the conductivity of 

“natural” DNA is approaching to be defined, but some of the recent results have been still 

incoherent to the mainstream arguments and the values are somewhat low to become effective 

molecular wires to connect nanoparticles for energy transports and communications. 

 

2.2.2 Molecular Transport Junctions by On-Wire Lithography 

 Previously in our group, a fabrication method for molecular junctions has been developed 

based upon the formation of nanogaps by on-wire lithography (OWL).52-55 In this fabrication 

methodology, templated electrochemical growth through AAO membranes is used for the 

synthesis of multisegment nanowires, specifically, with two Au segments separated by a few-

nanometer-scale Ni layer. After the synthesis, these nanowires are released into solution by 

dissolving the template, and spread onto a substrate by dropcast or vacuum filtration. Then, onto 

the one side of the nanowires, thin layer of insulating material (typically SiO2) is deposited via 

physical vapor deposition. The nanowires are resuspended in solution by ultrasonication. The 

sacrificial Ni layers are then selectively removed by an appropriate etchant (typically FeCl3 or 

H3PO4 solution), while the thin insulating layer holds the two Au nanowires together. Then, all the 

exposed Au surfaces, including the gaps between Au dimers, are functionalized with molecules of 
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interest, typically by means of Au-thiol bonds. The functionalized Au dimers are cast onto a SiO2 

chips with prepatterned Au electrodes. Each of the Au dimer are electrically connected to an 

electrode by e-beam lithography. Finally, the nanogap junctions bridged by the molecules can be 

electrically characterized. Using this method, electrical properties of molecular wires have been 

tested and some interesting quantum mechanical phenomena were discovered.54, 56-60 This method 

is particularly advantageous due to the high throughput synthesis of the nanogaps where the gap 

spacing can be tailored with a nanometer precision, and electrode materials can be chosen from a 

wide variety of materials library for electrochemical plating techniques.  

 However, this method may not be suitable for designing electrical measurement of 

molecules like DNA whose conformations and hybridization is highly influenced by the 

environment such as the salt concentration and hydration state. The formations of Watson-Crick 

base paring and DNA duplexes is not guaranteed to retain in the solid state and requires the 

measurement to be performed in the salt solution. If the entire or part of the circuitry is exposed to 

the DNA-hybridizing media (basically salt solution), the measurement will be intensely disturbed 

by leakage current through the media. This motivated the development of selective activation and 

passivation of template-synthesized nanostructures, especially the nanogap structures. 

 

2.3 Selective Functionalization of Nanostructures and Directional Assembly 

 The surface modification of nanoparticles provides a way to program their interactions with 

neighboring entities.61 Oligonucleotides are the best example of this programmability, where a 

17-mer, for example, provides ~417 unique combinations of bases, many of which are perfectly 

orthogonal in their recognition properties for complementary oligonucleotides. This observation 

has been utilized heavily to create probes for measuring oligonucleotide concentration,62-63 
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therapeutic constructs for gene regulation64 and sequence-specific immuno-modulation 

strategies,65 and even for creating higher-order assemblies from patterned surfaces or nanoparticle 

building blocks preferentially functionalized with oligonucleotides at discrete geometric sites.2, 66 

 A long-standing challenge has been the selective functionalization of anisotropic structures 

with programmable ligands at desired locations. For rods and prisms, researchers have explored 

kinetic control approaches,67-68 anisotropic zeta potentials,69 and reactivity differences on different 

geometric faces70-72 to selectively functionalize them with different chemical entities. However, 

the similarity in chemistry makes it virtually impossible to modify them with different chemical 

structures. Alternatively, one can use nanostructures made of different compositions and 

selectively modify them based upon such differences.73-81 Some researchers have post-

synthetically masked certain faces of the nanostructure, while exposing others, to effect surface 

modification at designated sites.82-84 This section describes a new method that relies on the 

electrochemical synthesis of nanorods in AAO templates, a method pioneered by Martin and 

Moskovits,85-86 and our OWL,52 to make nanorod architectures with oligonucleotides exclusively 

placed on the two ends, the cylindrical surface of the rod, or in the gaps between rods (Figure 2.1). 

This method relies on the ability to selectively mask regions of the rod during its synthesis within 

the template and is capable of selective functionalization of billions of rods with desired 

oligonucleotides at pre-designated geometric locations on the rods in parallel. Although we explore 

the capabilities of this new technique with rods made only of Au, given the widespread use of 

template-mediated syntheses for metals,85, 87-88 semiconductors,89-92 conducting polymers,91, 93-94 

and the ability to construct various geometric shapes including non-circular prisms and coaxial 

structures,95-96 this approach is likely extendible to other classes of materials with different shapes. 
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Figure 2.1. Schematic diagrams of the selective functionalization process along with electron 
micrographs of the corresponding intermediate structures (cross-sectional SEM and STEM). (a) When 
Ni-Au-Ni trimer nanorods are synthesized in the nanopores, the ends of the Au segments are covered 
by Ni and the sides are protected by the AAO template. The masking materials can be orthogonally 
removed in stepwise fashion to perform MHA passivation or DNA functionalization on each face. (b) 
A similar strategy is applied to functionalize the inner cavity of Au nanorod dimers supported by a SiO2 
backbone. Before the gap material is removed, exposed surfaces can be modified with a MHA SAM. 
Etching of Ni, the gap material, is followed by the localized immobilization of DNA onto the newly 
opened gap. Scale bars: 50 nm. 
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 In a typical experiment, Au nanorods were synthesized within a porous AAO template 

using a conventional three-electrode electrochemical configuration.55 The pore walls of the 

template isolated the cylindrical surface of the nanorods from the top and bottom faces (ends) 

(Figure 2.1a).97 Sacrificial Ni segments can be electrochemically plated on these ends before and 

after the deposition of the Au segments. Because of the contrasting classes of materials capping 

the ends and the barrel sides (a metal and an oxide, respectively), orthogonal chemistry could be 

applied to selectively address each surface. This process could be performed in two ways: (I) 

dissolving the template or (II) removing the metal capping segments (Figure 2.1a). In (I), the AAO 

template was dissolved in a 3 M aqueous NaOH for 10 min, releasing the Ni-Au-Ni nanorods into 

solution and exposing the barrel of the Au rods. In (II), the sacrificial Ni segments were etched by 

soaking the template with nanorods in 3% FeCl3 (aq) for 10 min, exposing their top and bottom 

faces. Notably, the etchants were chosen so that the target material could be removed orthogonally, 

leaving the Au rods and the other masks undamaged. The concentrated basic solution and ferric 

ions specifically removed the AAO membrane (i) and the Ni caps (ii), respectively (Figure 2.1a). 

The selectively exposed portions of the Au nanorod faces were then chemically passivated with a 

self-assembled monolayer (SAM) by immersing them in an ethanolic solution of 10 mM 16-

mercaptohexadecanoic acid (MHA) for 12 h. After sequential rinsing with 90% ethanol and water, 

the remaining masks (Ni or AAO) were removed with their respective etchants. The resulting 

structures were washed three times with water, and the newly exposed Au surfaces were modified 

with 3’-propylthiol-terminated DNA (Table 2.2) by incubating the nanorods in an aqueous 10 mM 

phosphate buffer solution (PBS, pH 7.6) containing ~10 μM DNA and 1.0 M NaCl for 12 h, thus 

chemically activating designated sites on the nanorods. 
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 A similar approach was used to selectively address the gap between the Au dimers prepared 

by OWL (Figure 2.1b).52, 55 Au dimers with a Ni segment in the middle were synthesized using 

electrochemistry and dispersed by dissolving the template in 3 M NaOH (aq). These tri-segmented 

nanorods were then transferred onto an empty AAO template via vacuum filtration.55 A 7 nm thick 

SiO2 layer was deposited on the template using an electron beam evaporator to cover the upper 

half of the nanorods, and they were then dispersed in ethanol via sonication. The uncovered sides 

of the Au nanorods were chemically passivated by immersing them in a 10 mM ethanolic MHA, 

and an MHA SAM formed on the exposed Au surface. Then, the sacrificial Ni segment was etched 

with 3% FeCl3 (aq) while the SiO2 sheath maintained the position of the Au segments. Finally, the 

pristine gap faces were functionalized with DNA as described above. 

 In this process, the first chemical adsorbate on the Au surface, either DNA or MHA, was 

exposed to a variety of chemicals during the removal of the template and sacrificial capping 

materials. To examine the effects of the chemicals on the ligands, we evaluated the state of the 

adsorbates under various treatments (3 M NaOH (aq), 3% FeCl3 (aq), neat acetone, or neat ethanol, 

Figure 2.2a) with pure water as a control. In a typical experiment, 20 nm Au nanoparticles were 

functionalized with 3’-propylthiol-modified DNA strands (Table 2.2).98 After washing with water, 

they were treated with each solution for 1 h at room temperature, considerably longer than the time 

required for complete removal of the masking materials. After thorough washing with water, 

aliquots were taken from each sample to measure the DNA surface coverage via an Oligreen® 

assay and inductively coupled plasma optical emission spectroscopy (ICP-OES, Experimental 

section for details). Importantly, significant changes in the DNA loadings were not observed after 

any of the chemical treatments (Table 2.1). 
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Figure 2.2. Verification of the stability and functionality of DNA after exposure to chemicals. (a) 
Schemes of experiments used to test the stability of DNA on 20 nm Au spherical particles after chemical 
treatment (left) and respective digital photographs for visual inspection of their colloidal stability at each 
step (right). For all of the tested conditions, the particles remain well-suspended and visual analysis 
verifies the robustness of the DNA-Au nanoparticles. (b) Melting curves of the conjugates are monitored 
at their peak extinction wavelength (λ=520 nm) while decreasing the temperature at 0.1 °C·min-1 
increments from 65 to 25 °C. Narrow melting transitions (FWHM < 2 °C) indicate that DNA 
hybridization events still occur between nanoparticles after the chemical treatments. (c) Visible spectra 
of the samples below (25 °C) and above (65 °C) the melting temperature (45 °C). 
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Table 2.1. DNA loading density after treating the DNA-Au nanoparticle conjugates with water (control), 
3 M NaOH, 3% FeCl3, acetone, ethanol, or 10 mM MHA solution. 

Control NaOH FeCl3 Acetone Ethanol MHA 
342 ± 17 324 ± 16 319 ± 18 334 ± 16 324 ± 16 153 ± 10 

  

Further, we analyzed the hybridization of the DNA-modified particles with their 

complementary DNA in 0.5 M aqueous NaCl (a). By introducing complementary DNA linkers 

(Table 2.2, 175 linker strands per particle), one can induce hybridization events observable with 

the naked eye and UV-vis spectroscopy; when the particles hybridize and are brought into close 

proximity, their localized surface plasmon resonance at 520 nm red-shifts, resulting in a red-to-

blue color change.1 This behavior was observed for all samples and was reversible at elevated 

temperatures (Figure 2.2), indicating that the DNA on the particle surface was not damaged or 

chemically modified. The efficacy of backfilling with an MHA SAM was tested by treating the 

DNA-functionalized nanoparticles with 10 mM ethanolic MHA. The MHA rapidly removed the 

adsorbed DNA,99 emphasizing the importance of effecting SAM formation prior to DNA 

functionalization. 

The MHA SAM can serve as an effective passivation layer only if it remains intact under 

the chemical conditions used for the selective removal of the capping materials. The chemical 

resistance of the MHA SAM to 3 M NaOH, 3% FeCl3, or acetone was tested with substrate-based 

experiments by attempting electrochemical deposition of Ni on MHA-modified Au thin films 

(Figure 2.3). In this experiment, Au thin films (50 nm) on Si with a Cr adhesion layer (2 nm) were 

immersed in a 10 mM ethanolic MHA solution for 12 h. The samples were rinsed with ethanol and 

immersed in each solution (water as a control, 3 M NaOH, 3% FeCl3, or acetone) for 10 min. As 

a positive control, SAM was damaged with a 5 min O2 plasma cleaning. Each of these samples 

was rinsed with water and used as a working electrode in Ni electrodeposition. Importantly, all of 
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Figure 2.3. Results of the MHA stability test, represented with the time-resolved current curves at a 
constant voltage of -900 mV during the electrodeposition of Ni, and the visual observation of Ni features 
by SEM. The suppressed currents at the initial deposition stages can be attributed to the presence of 
pinholes, and thus, intact SAM. The Ni segments overgrown through the pinholes are visualized by 
SEM. Scale bars equal to 500 nm. 
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the samples exhibited a low initial current as explained in the literature100 and consistent with intact 

SAM (Figure 2.3). Eventually, the current gradually increased as deposited Ni started to fill in 

pinholes in the MHA layer, as evidenced by electron microscopy (Figure 2.3). Taken together, 

these data are consistent with a conclusion that the MHA SAM remains intact after being treated 

with the etching solutions. This substantiated our claim that the aforementioned chemicals did not 

alter the surface coverage of MHA on Au.  

 The selective functionalization of nanostructures with DNA provides the ability to control 

subsequent assembly events in a directional and programmable manner. As a proof-of-concept 

demonstration and to further test the selective functionalization of the rods with DNA, we studied 

their hybridization with complementary spherical DNA-Au nanoparticle conjugates in 0.5 M NaCl. 

Upon mixing, the rods (or gaps) and spherical particles assembled and settled over time. A narrow 

melting transition measured by temperature-dependent UV-vis spectrometry (FWHM ~2 °C, 

Figure 2.4) confirmed that the assemblies were indeed DNA-mediated. Using literature 

procedures,101 the assemblies were encapsulated in silica to lock the position of the assemblies in 

the solid state for scanning transmission electron microscopy (STEM). One can clearly see that 

the spherical particles hybridize selectively to the regions of the rods with complementary DNA 

(sides, ends, and gaps, Figure 2.5a, additional images in Appendix A). 

When the assembly process is carried out on a substrate, the nanorods can be functionalized 

in a site-specific manner with multiple layers of spherical particles in stepwise fashion, much like 

supramolecular crystals grown and evolved from a macroscopic flat substrate.30 After synthesis 

and dispersion in ethanol, Ni-Au-Ni (Au rods) or Au-Ni-Au (Au dimers with a gap) tri-segmented 

rods with diameters of 300 nm were dropcast onto 7.5 mm by 15 mm Si substrates with a 500 nm 

thick thermal oxide layer. The wafers were then submerged in 10 mM ethanolic MHA for 12 h at 
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Figure 2.4. (a) Schemes describing the mixtures of selectively functionalized rods/gaps and 60 nm 
spherical nanoparticles with complementary DNA. (1) Au nanorods with DNA on top and bottom bases. 
(2) Au nanorods with DNA functionalization on the sides. (3) Au dimers with DNA functionalization 
in the gap. (b) The colorimetric change at an elevated temperature was visually observable for all of the 
samples. (c) Melting curves of the three assemblies. (d) Vis-NIR spectra of the assemblies at 25 °C and 
65 °C, in 0.5 M NaCl, 10 mM PB D2O solution. 
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Figure 2.5. Electron micrographs showing the DNA-directed assembly of spherical Au nanoparticles 
onto the selectively modified Au nanorods and nanogaps. The assemblies are shown in two ways: (a) 
assemblies in solution (dark-field STEM) and (b) on a substrate (SEM). (a) As expected, the spherical 
particles with complementary DNA strands are preferentially adsorbed onto the designated DNA-
functionalized surfaces. (b) Asymmetric functionalization can be performed after the nanorods are cast 
onto a SiO2 substrate. Stepwise assembly of 20 nm spherical particles (two layers) show clear 
discrimination among un-functionalized, non-selectively functionalized, and selectively functionalized 
(from left to right) nanorods/nanogaps. The assembled structures are embedded in silica before imaging. 
Additional micrographs can be found in the Supporting Information. Scale bars: (a) 100 nm and (b) 
200 nm. 
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room temperature to passivate the exposed Au surfaces with the SAM as described above. After 

being washed in ethanol and water, the chips were soaked in 3% aqueous FeCl3 for 5 min and the 

sacrificial Ni capping layers were removed. The SiO2 sheath deposition can be skipped here 

because the dimer structure stays intact after the removal of the sacrificial Ni segment due to its 

physical adsorption onto the substrate. The newly exposed Au surfaces were functionalized with 

3’-propylthiol-terminated DNA in an aqueous 10 mM PBS with 1.0 M NaCl. Two layers of 20 nm 

spherical Au nanoparticles were selectively and sequentially assembled onto the DNA-modified 

Au rods or gaps via a stepwise growth method.30-31 Scanning electron micrographs of silica-

embedded101 samples showed that the nanoparticle clusters are localized only on the targeted 

DNA-functionalized surfaces (on the rod ends or in the gaps, Figure 2.5b, additional images in 

Appendix A). 

 These proof-of-concept examples illustrate the power of combining templated approaches 

with DNA programmable assembly methods for orthogonally controlling nanostructure 

functionalization. When one considers the broad range of materials and geometric structures that 

can be synthesized and used in such methodologies,18-20, 22, 95-96 the techniques described will allow 

researchers to rapidly construct assemblies of nanostructures with interesting chemical and 

physical properties for possible applications in catalysis, molecular detection, therapeutics, and 

optics (e.g. one-dimensional nanocavities). This methodology also has the potential to serve as a 

new testbed for fundamental optoelectronic studies of nanoparticle assemblies and is a valuable 

expansion of programmable DNA-mediated techniques. 
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2.4 Charge Transport through DNA Strands 

 The selective passivation method could be applied to the OWL-based nanocircuitry 

fabrication (Figure 2.6a,b), to solve the problem of leakage current through the environment. 

Specifically, Au-Ni-Au trisegment nanowires are synthesized via templated electrochemical 

deposition (described in previous sections) through AAO membrane with 55 nm pore diameters. 

After the removal of Ag layers and the template, the nanowires were dispersed in solution, and 

then were cast onto a Si chips with thermal oxide (500 nm thick) and pre-patterned electrodes. The 

nanowire-incorporated circuits are completed by connecting the each of a Au dimer to patterned 

electrodes. Then, before etching Ni segments, all of the exposed Au surfaces except for the gap 

faces were passivated by the formation of SAM in ethanolic solution of 10 mM MHA, as described 

in the previous section. Then, the chip was washed thoroughly with ethanol and water, and the 

sacrificial Ni segments were etched by 3% FeCl3, which opened the gap surfaces between the Au 

dimers. The device with pristine Au gap surfaces were dipped in 10 μM DNA solution, (36-mer C 

and D, Table 2.2) with 0.5 M NaCl, 10 mM PB (pH 7.6), and 0.01% sodium dodecyl sulfate (SDS). 

The DNA sequence was designed in such manner that the strands were duplexed in the saline with 

the phosphorothioate-terminated 3’-ends, whose length is about 12 nm and conformation is 

supposedly linear (persistence length of duplex DNA ≈ 40 nm).102-103  

 The measurement was carried out with a drop of saline solution on top of the chip in an 

effort to maintain the duplex formation of DNA. Although a significant reduction in the 

background signal was observed (~nA range), the signals from the DNA-bridged devices were still 

too low to be measured with the OWL-based devices, since the background current through empty 

gap devices was still high and device-to-device variation was larger (Figure 2.6c). It was 
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Figure 2.6. (a) A SEM micrograph for an OWL-generated molecular transport junction bridged with 
DNA. Scale bar: 300 nm. (b) A STEM micrograph of a gapped nanowire in the same batch, showing 
~10 nm gap spacing. Scaler bar: 50 nm. (c) The I-V characteristics measured and averaged from more 
than 10 devices for each sample (control: empty gaps). 
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probably caused by leakage current and tunneling across the gaps. It was also a problem that the 

DNA-junction formation was not assured by measuring the electrical conductivity. 

 

2.5 Charge Transport through DNA-Assembled Superlattices 

To address the problem, a new design of OWL-based device architecture accommodating 

DNA-nanoparticle superlattices was attempted (Figure 2.7a). Such design confirms the presence 

of DNA within the OWL gap from the presence of localized nanoparticle superlattices 

interconnected by DNA duplexes. Although nanoparticles assembled within the gap, the assembly 

disbanded when the device was washed to remove excess salt crystals, which may interfere with 

electrical measurements (Figure 2.7b). The disassembly is due to the dehybridization of 

cooperative DNA bonds in the absence of NaCl. To maintain a DNA-interconnected structure, we 

adopted post-assembly chemical treatments such as silica-embedding101 and intercalation of DNA 

duplexes.104-105  

 In this experiment, multi-segmented Au-Ni-Au nanowires 270 nm in diameter were 

electrochemically grown in the pores of AAO membranes. The wires were then dispersed into 

solution with the dissolution of the Ag backing layer and AAO membrane and were subsequently 

cast onto a thermal oxide silicon wafer with predefined electrodes. Both ends of the nanowires 

were connected to isolated electrodes by e-beam lithography. The exposed Au surfaces were 

passivated with a 10 mM MHA solution (in ethanol) for 5 h. After successful passivation of the 

exposed Au surfaces, the Ni segment was etched with a 3% FeCl3 aqueous solution (5 min) to 

expose the gap faces of the Au nanorods. Upon exposure, the pristine Au surfaces were 

functionalized with thiol-modified DNA (thiol-modified type A, in Table 2.2). Au nanoparticle 

superlattices were grown selectively in the gap region by iterative attachment of particles 
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Figure 2.7. (a) A schematic illustration for a new design where an OWL-generated nanogap is filled 
with DNA-assembled nanoparticle superlattices. (b) Even though the designed structure was formed as 
designed, the superlattices disassembled with a brief dip-washing in water. Thus, stabilization methods 
were employed to retain such structure in the gap for measurement, (c) silica encapsulation and (d) RuII-
complex intercalation. All scale bars in (b-d) are 100 μm. (e) I-V characteristics of samples in (b-d). (f) 
The temporal responses of the current flow with constant voltage at 5 V. 
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functionalized with DNA having complementary sequences, using literature preocedures.30, 35 To 

perform measurements of the superlattices, two post-assembly treatments were attempted to 

facilitate solid state measurements (Figure 2.7c,d). 

First, a silica embedding method was used.101 In this method, an ammonium-functionalized 

silane was introduced where the positively-charged ammonium group electrostatically associates 

with the negatively-charged DNA backbone. Triethoxysilane (TES) was then introduced and 

precipitated as silica around the initiator-carrying ammonium salt. As expected, the silica 

encapsulation kept the localized superlattice from being shattered and it was able to bring the 

structure to solid state to observe under scanning electron microscope (SEM). While the silica 

imparts structural control to the DNA nanoparticle systems, the state of the DNA within the silica 

is not known. This prompted us to find a method in which the stabilization of the structural DNA 

duplexes is better known in order for us to reliably measure the conductivity of the interconnecting 

DNA.  

To do this, we looked to small molecule intercalators to 

staple DNA-mediated nanoparticle superlattices. As a case 

study, we used [Ru(dipyrido[2,3-a:3',2'-c]phenazine)(N-N)2]2+-

based small molecules (Figure 2.8).105 These small molecules 

interact with double-stranded DNA by the insertion of flat, 

electron rich dipyrido phenazine (dppz) ligand into adjacent DNA bases, subsequently 

strengthening the π-stacking interaction of bases. The overall positive charge of RuII-based small 

molecules induced favorable electrostatic interaction with the negatively charged phosphate 

backbone, which further increased DNA binding affinity. Using small angle X-ray scattering 

(SAXS) and SEM, it has also been shown that the intercalation of these molecules effectively 

 
Figure 2.8 Molecular structure 
of RuII intercalator complex. 
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stabilizes the DNA duplex such that Au nanoparticle superlattice stays intact with the exclusion of 

NaCl, while maintaining the overall structure. The incorporation of small molecules was also 

expected to be advantageous because these molecules promote relatively strong and orientation-

sensitive π-stacking interactions which are commonly attributed to the electron transfer through 

DNA duplexes.  

For intercalation by the Ru complex ion, the assembled superlattice devices were incubated 

in an aqueous solution at 40 μM RuII intercalator and 0.5 M NaCl for at least 12 hours. After 

sufficient time for equilibrium, the devices were washed in 40 μM intercalator solution 5 times to 

remove excess NaCl, followed by incubation in 40 μM intercalator solution for 12 hours at room 

temperature. This procedure stabilized the DNA-nanoparticle superlattices in the absence of NaCl. 

Fluorescence titration assay of free DNA suggests that binding affinity of RuII complexes increases 

at lower NaCl concentration.106 Thus, incubation in 40uM RuII solution without NaCl is expected 

to result in higher degree of intercalation. This argument was well corroborated with ∆Tm measured 

for DNA-nanoparticle superlattices that are unintercalated, intercalated in solution at 40uM Ru 

intercalator and 0.5M NaCl, and intercalated in 40uM Ru intercalator solution with no salt.107 

Indeed, in Figure 2.7d, we see the successful preservation of interconnected nanoparticles within 

the OWL gap. 

Electrical measurements were subsequently carried out in a vacuum cell (~10-5 Torr) to 

minimize effects from ambient humidity and air. The I-V characteristics of three different samples 

were plotted in Figure 2.7e. No measurable current was detected from the untreated sample after 

washing. This was expected because the dip-washing resulted in the dehybridization of DNA 

duplexes and eventually the disassembly of DNA-NP superlattices. Measurable signals were 

detected from both silica-embedded and intercalator-inserted superlattices but with different 
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characteristics. The dual sweep more strongly contrasts the difference where the silica-embedded 

sample showed a large hysteresis compared to that of the intercalator-inserted superlattices. The 

hysteresis with such shape is characteristics of capacitors, where the current was induced as a 

response to ΔV/Δt. This assumption was proved to be valid by the temporal response which clearly 

shows exponential decay of current over time (Figure 2.7f). Meanwhile, the current from the 

intercalator-inserted superlattices was stable ~1.7 pA at 5 V bias. The bulk resistivity can be 

approximated to be ~2×106 Ω·m, a value which sits between bulk semiconductors and insulators. 

Although these experiments were unable to isolate the contribution to the charge transport by DNA 

duplexes, the measurements revealed possible solid-state electronic applications of the DNA-

interconnected superlattices.  

 

2.6 Conclusions 

 Although the OWL-based DNA-interconnected nanocircuitries turned out to be not ideal 

to define the conductivity of DNA strands and nanoparticle superlattices, many valuable outcomes 

were discovered. Nanostructures synthesized by a templated method can be asymmetrically 

functionalized with DNA, easily by unveiling the covering materials orthogonally without 

additional efforts to masking them. The construction of nanogap junctions bridged by nanoparticle 

superlattices inspired for the incorporation of such structures into device architectures. 

 

2.7 Experimental 

2.7.1 Materials and Instruments 

AAO templates were purchased from Synkera and Whatman. A PVD 75 instrument (Kurt 

J. Lesker Company) was used for Ag and SiO2 deposition during OWL methodology and for Cr 
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and Au for electrode patterns. Electroplating solutions were purchased from Technic Inc. (Techni 

Silver Cyless® II RTU for Ag, Orotemp 24 RTU for Au, and Nickel Sulfamate RTU for Ni). 

NaOH, FeCl3, acetone, and MHA were purchased from Sigma-Aldrich. An Oligreen® assay kit 

was purchased from Life Technologies. Citrate-capped spherical Au nanoparticles with diameters 

of 20 nm and 60 nm, respectively, were purchased from Ted Pella. Milli-Q® water was used in 

aqueous solutions and washing. Electron micrographs were taken by Hitachi SU8030 FE-SEM 

and HD2300 FE-STEM. FEI Quanta SEM was used for electrode patterning by e-beam 

lithography.  

 The electrical measurements were carried out by a Keithley 4200 SMU coupled with a ST-

500 Probe Station by Janis Research Company Inc. 

 

2.7.2 Synthesis and Characterization of DNA 

 All oligonucleotides used in this work synthesized on a MerMade 12 automated 

oligonucleotide synthesizer (BioAutomation) with reagents from Glen Research. Oligonucleotides 

were synthesized with 5’ trityl group and purified with reverse-phase high-performance liquid 

chromatography (HPLC; Agilent), followed by standard deprotection procedures.25 Matrix-

assisted laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF; AutoFlex-III, 

Bruker) was used to validate the synthesis and purification processes by checking the molecular 

weight of the oligonucleotides. The OligoAnalyzer tool (Integrated DNA Technologies) was used 

to predict the extinction coefficient and molecular weight of each DNA strand. The absorption at 

λ = 260 nm (Cary 5000 UV-vis spectrophotometer; Varian) was used to quantify the synthesized 

DNA strands. 
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 The DNA design for the crystallization of PAEs in this work follows the literature.15 Briefly, 

Au nanoparticles were functionalized with one of two single-stranded 3’-propylthiol-modified 

“anchor” strands. To each of the “anchor” strands, we hybridized a second “linker” strand. Specific 

sequences used in this work are listed in Table 2.2. 

Table 2.2. DNA sequences used in this study. 

Thiol-modified DNA strands DNA Sequences (5’ → 3’) 
A TCA ACT ATT CCT ACC TAC (Spacer 18)2 –SH 
B TCC ACT CAT ACT CAG CAA (Spacer 18)2 –SH 

Linker strands DNA Sequences (5’ → 3’) 
A self-complementary linker GTA GGT AGG AAT AGT TGA (Spacer 18)1 GCG C 

A linker GTA GGT AGG AAT AGT TGA (Spacer 18)1 TTC CTT 
B linker TTG CTG AGT ATG AGT GGA (Spacer 18)1 AAG GAA 

Conductivity Experiments DNA Sequences (5’ → 3’) 
36-mer C TCA ACT ATT CCT ACC TAC TCC ACT CAT ACT CAG CAA* 
36-mer D TTG CTG AGT ATG AGT GGA GTA GGT AGG AAT AGT TGA* 

*3‘-ends of the 36-mer C and D are terminated with phosphorothioate.  
“Spacer 18” refers to the six ethylene glycol units with modified phosphoramidites, which were 
manufactured by Glen Research. 
 

 

2.7.3 Electrochemical Synthesis of Nanorods 

 AAO templates with pore diameter of 35 nm (SM35-50-25) were submerged in 0.5 M 

NaOH (aq) for 3 min to widen and refine the pores. Whatman Anodisc® templates were used to 

synthesize the thicker rods used for substrate assemblies. First, a 250 nm thick Ag layer was 

deposited on one side of the template by e-beam physical vapor deposition. Ag, Ni, or Au was 

electrodeposited in the nanopores in a three-electrode system with the AAO/Ag as the working 

electrode, a Pt mesh as the counter electrode, and an Ag/AgCl reference electrode. While the length 

of each segment was controlled by the amount of charge, the applied potentials were -980 mV for 

Au and -900 mV for Ag and Ni. 
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2.7.4 DNA Functionalization 

 10 mL of citrate-capped nanoparticles (either 20 nm or 60 nm in diameter) were first 

incubated with 10 optical density (OD) of DNA for more than 3 h at room temperature. Then, PB 

(pH 7.6) and SDS (Sigma Aldrich) were added to the solution, and aqueous 2 M NaCl was added 

gradually over 3 h for final concentrations of PB, SDS, and NaCl, to become 10 mM, 0.01%, and 

0.5 M, respectively. 

 The electrochemically synthesized nanorods and nanogaps have clean surfaces, free of 

surfactants. Therefore, the nanostructures were directly incubated in a PB (pH 7.6) solution 

containing 5 OD of thiol-modified DNA A (Table S1), 1.0 M NaCl, and 0.01% SDS after removal 

of the masking materials (AAO or Ni). 

 

2.7.5 DNA Loading Density on Spherical Particles 

 For this calculation, the Au nanoparticles were dissolved in 25 mM KCN (aq.) at 70 °C for 

1 h. The number of DNA strands was measured with an Oligreen® assay, where the fluorescent 

signal was calibrated linearly by standard solutions of known concentrations of DNA with the 

same sequence. The concentration of the particles was measured by ICP-OES and TEM analysis, 

for the concentration of Au(CN)2
- ions and the mass of individual particles, respectively. 

Comparing the concentration of Au atoms in solution to the number of atoms in a single particle, 

the concentration of the particles could then be extracted. The concentrations of particles and DNA 

were then used to calculate the average loading density of thiol-modified DNA on an Au 

nanoparticle.  
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3.1 Summary 

With the advent of DNA-directed methods to form “single crystal” nanoparticle 

superlattices, new opportunities for studying the properties of such structures across many length 

scales now exist. These structure-property relationships rely on the ability of one to deliberately 

use DNA to control crystal symmetry, lattice parameter, and microscale crystal habit. Although 

DNA-programmed colloidal crystals consistently form thermodynamically favored crystal habits 

with a well-defined symmetry and lattice parameter based upon well-established design rules, the 

sizes of such crystals often vary substantially. For many applications, especially those pertaining 

to optics, each crystal can represent a single device, and therefore size variability can significantly 

reduce their scope of use. Consequently, a new method was developed based upon the density 

difference between two layers of solvents to control nanoparticle superlattice formation and 

growth. In a top aqueous layer, the assembling particles form a less viscous and less dense state, 

but once the particles assemble into well-defined rhombic dodecahedra superlattices of a critical 

size, they sediment into a higher density and higher viscosity sublayer that does not contain 

particles (aqueous polysaccharide), thereby arresting growth. As a proof-of-concept, this method 

was used to prepare a uniform batch of Au nanoparticle (20.0 ± 1.6 nm in diameter) superlattices 

in the form of 0.95 ± 0.20 µm edge length rhombic dodecahedra with bcc crystal symmetries and 

a 49 nm lattice parameter (cf. 1.04 ± 0.38 µm without the sublayer). This approach to controlling 

and arresting superlattice growth yields structures with a three-fold enhancement in the 

polydispersity index. 
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3.2 Background 

Nanoparticles are becoming to nanotechnologists what atoms are to chemists, and many 

methods have emerged for assembling them into periodic and highly crystalline structures.1-3, 13, 

15-16, 109-116 To control colloidal crystallization, bonding strategies have relied on the use of 

electrostatics,4, 117-120 small molecule coordination chemistry,121-122 polymer spacers,123-124 and 

high-information content oligomers, such as DNA and variants of it.15-16, 109 Oligonucleotides are 

particularly attractive because of their length, which can be matched with the size of the particle 

building blocks and chosen based upon the desired nanoparticle separation, the large number of 

possible programmable interaction pairs, and the persistence length of duplex architectures, which 

allows one to control bonding directionality over relatively large length scales.1 Such flexibility 

has allowed us and others to synthesize over 500 colloidal crystals spanning approximately 33 

different symmetries16-17, 24-26, 125-126 with lattice parameters deliberately varied from 25 nm to a 

few µm.16, 127 In addition, powerful design rules16 have been developed for controlling crystal 

symmetries that are independent of particle composition and size.18, 127 Therefore, once a strategy 

has been developed to generate a particular crystal, the particle composition can be independently 

tuned. In other words, in this type of chemistry, bonding is independent of “atom” identity. 

Consequently, one can deliberately achieve crystallization of a vast number of nanoparticle 

building blocks, simply as a function of particle size and shape, and by taking into account the 

types of oligonucleotides immobilized on their surfaces.  

Recent advances have even provided microscale geometric control over DNA-assembled 

colloidal crystals by two different approaches: substrate surface growth (the equivalent of epitaxial 

growth)30 and thermodynamically controlled crystallization in solution.27 For the solution case, 

with an A-B complementary (size ratio = 1:1) PAE system where one set of particles are 
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functionalized with A-type DNA linker strands and the other set with complementary B-type DNA 

linkers, a bcc superlattice15-16 with a rhombic dodecahedron microscopic geometry, the Wulff 

polyhedron, will form.27 In addition to realizing many bcc crystals with the characteristic rhombic 

dodecahedron shape, we have shown that cube-shaped particle building blocks yield cube-shaped 

crystals and rhombic dodecahedra particle building blocks yield octahedron-shaped 

microcrystals.28 

The realization that DNA-programmable assembly allows one to control the structure of 

crystalline matter on multiple length scales has led to a variety of interesting discoveries, especially 

in the field of optics.9-10 Indeed, being able to control microscopic crystal geometry allows one to 

decouple nanoscale and mesoscale optical effects10 and has led to the synthesis of photonic 

crystals,9 directional microcavity emitters,11 and “alloy” superlattices.13 The ability to make well-

formed single crystal structures with microscopic rhombic dodecahedra allows one to 

systematically uncover the roles of the dimension of microcrystals,10 lattice parameters,9-10 and 

nanoparticle size and anisotropy34 in controlling optical properties and has opened the door for 

using such crystals as plasmonic optical cavities, waveguides, visible-light metamaterials, and 

optical circuitry.128-130  

Although DNA-programmable assembly allows one to realize highly ordered structures 

that would be difficult, if not impossible, to make using other methods, control over microscopic 

and larger length scale features is limited. For example, if one uses complementary PAEs with 20-

nm Au cores to form colloidal crystals with a bcc lattice, the variation in single crystal size can be 

enormous (i.e., for a mean crystal size of 1 μm there is typically a polydispersity index (PDI) ~ 

0.15, which corresponds to an ~ 0.4 μm standard deviation). If one is to use such colloidal crystals, 

either to create functional devices or simply as building blocks themselves to create larger 
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superstructures, strategies must be developed to assemble and isolate them as more uniform 

entities with PDI values approaching 0.01.131 Methods for improving uniformity are especially 

needed in the case of optical devices where a particular geometry may be desired for a given 

response, but where differences in crystal edge length can lead to radically different optical 

outputs.10 

 

3.3 Colloidal Crystallization and Density Layers 

For a new method for growing and isolating microscopic colloidal crystals, a deeper 

perspective on the crystallization process and the source of polydispersity was needed. In the 

growth of single-crystalline PAE microcrystals via slow cooling, PAEs nucleate and assemble into 

their thermodynamically favored state. Importantly, as the microcrystals grow, they reach a critical 

size at which point gravitational forces overcome stabilizing Brownian motion, and the 

microcrystals begin to sediment from solution (Figure 3.1a). However, the microcrystals remain 

reactive for further growth and coalescence, a major contributor to size and shape polydispersity 

(Figure 3.1b). Based on this thought experiment, we took inspiration from biological techniques 

to separate macromolecules in order to develop a density gradient approach involving a high 

density and high viscosity aqueous polysaccharide solution layered below a low density PAE 

growth solution designed to collect the superlattices as they form and sediment into the high 

viscosity layer (Figure 3.1c-d). 

The theoretical background for the hypothesized size uniformity of sedimenting particles 

is based upon the competitive effects of gravity and Brownian motion on the colloidal stability and 

sedimentation of superlattices. The relative strength of the gravitational energy to the thermal 
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Figure 3.1. Schematics and SEM images comparing the standard crystallization process of nanoparticle 
superlattices and a method to enhance uniformity. (a) Schematics of the current slow-cooling method 
where faceted rhombic dodecahedra may continue to grow as they sediment out of solution. (b) A 
representative scanning electron micrograph of rhombic dodecahedra synthesized by the current slow 
cooling method, where the sizes of the microcrystals vary, and coalescent crystals are frequently 
observed. (c) Schematics of proposed incorporation of a quenching sublayer to realize more uniform 
colloidal crystals. (d) A scanning electron micrograph of the microcrystals collected from the viscous 
sublayer shows improved uniformity in size and shape. e. Legends for the schematics, describing the 
PAE system used in this study: the blue and red circles represent A and B PAEs, respectively, which 
hybridize to each other by DNA anchor strands functionalized on particles and linker strands connecting 
PAEs together (Table 3.6). The number of modular units (n) controls the length of DNA linkers and 
lattice parameters of the resulting superlattices. Schemes are not drawn to scale. Purple rhombic 
dodecahedra represent the assembled microcrystals. Scale bars: 2 μm. 
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energy can be described by the dimensionless Peclet number (𝑃𝑃𝑃𝑃).132 In an ideal case of a spherical 

object with a radius of 𝑎𝑎, 𝑃𝑃𝑃𝑃 can be expressed as:  

 𝑃𝑃𝑃𝑃 =
4
3𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝑎𝑎

4

𝑘𝑘𝐵𝐵𝑇𝑇
 (3.1) 

where Δ𝜌𝜌  is the difference in density between the spherical object and the solution, 𝑔𝑔  is the 

gravitational acceleration, and 𝑘𝑘𝐵𝐵𝑇𝑇 is the thermal energy as the product of Boltzmann constant, 

𝑘𝑘𝐵𝐵, and the temperature, T. If we assume that the object begins sedimenting at a certain value of 

𝑃𝑃𝑃𝑃, the critical size of sedimentation can be described by: 
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Hence, in principle, the size of a settling microcrystal at the initial moment of sedimentation is 

expected to be consistent because the crystallization temperature and the density of the superlattice 

are considered constant in a given PAE system.  

 

3.4 Materials Selection for Density Layers 

In order to choose suitable materials for each layer, a series of preliminary experiments 

were carried out. Sucrose solution, a well-known density gradient media, was studied first; two 

0.5 M NaCl solutions, one containing free PAEs without linkers and the other suspended bcc 

microcrystals, were slowly added on top of saturated aqueous sucrose (17 g per 10 mL of water). 

As expected, the free PAEs (red colloids), did not penetrate the sucrose sublayer (Figure 3.2a, 

left), while the microcrystals sedimented through the top layer and eventually into the sucrose 

solution, where they disassembled as observed by a change in color (turns red, Figure 3.2a, 
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Figure 3.2. (a) Density layers built with free PAE solution without linkers/saturated sucrose solution 
(left), microcrystal suspension/saturated sucrose solution (middle), and microcrystal 
suspension/saturated sucrose solution with 0.5 M NaCl (right). (b) Same PAE solutions mixed with 
linkers were added on top of different density gradient media on the bottom, saturated sucrose solution 
with NaCl, 10% dextran sulfate, 0.5 M NaCl in D2O, 0.5 M KBr, 50% glycerol with NaCl, 2:3 diluted 
OptiprepTM with NaCl, 2:3 diluted Percoll® with NaCl, from left to right. The time stamps in (a) and (b) 
are in format of hh:mm:ss. 
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middle). The dissolution of the crystals resulted from the lack of salt in the sublayer, and with the 

addition of 0.5 M NaCl to the sucrose solution, no dissolution occurred (Figure 3.2a, right).  

A similar method was used to identify a material for the dense sublayer where 7 different 

density gradient aqueous solutions (all frequently used in centrifugation separation methods) were 

prepared: sucrose (saturated), dextran sulfate (10% w/v), D2O (100%), KBr (0.5 M), glycerol 

(50%), OptiprepTM (2:3 diluted), and Percoll® (2:3 diluted) (Figure 3.2b, left to right). NaCl 

(0.5 M) was added to each solution to supply ionic strength for DNA hybridization, except for the 

dextran sulfate and KBr solutions (these contain a sufficient amount of salt). Then, PAE solutions 

without DNA linkers were gently placed on top of each density gradient solution, followed by the 

addition of DNA linkers (n = 1, Table 3.6) to initiate PAE aggregation at t = 0. After observing 

the aggregation and sedimentation processes, dextran sulfate was identified for the high-density 

sublayer as the density barrier was retained and minimal. 

 

3.5 Results and Discussions 

3.5.1 Observation of Colloidal Crystal Formation and Sedimentation 

In order to verify our hypothesis, we synthesized PAE colloidal crystals in two different 

batches, with and without the quenching solution beneath the growth solution (Figure 3.3). To 

visualize the slow cooling process, we built a bath containing ~11 L of water where the 

temperature was precisely controlled (0.01 °C) by an immersion circulator. Then, a growth 

solution containing 5 nM each of A and B PAEs (20 nm Au core and DNA linkers with one 

modular unit (n = 1), Figure 3.1e and Table 3.6) with 0.5 M NaCl and 10 mM PB (pH 7.6) was 

slowly and carefully loaded on top of the dextran sulfate solution (density = 1.058 g·cm-3 at 25 °C 

and viscosity = 8.98 mPa·s at 20 °C) in a test tube submerged in the water bath. 
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Figure 3.3. Control and quenched superlattices and their size distributions. (a) Optical images of the 
growth solution of PAEs at different stages of the slow cooling process. As the temperature is decreased 
at 0.01 ˚C·min-1 through the melting temperature (~41 °C), the PAEs assemble and sediment out of 
solution. (b) Radially averaged one-dimensional SAXS data (semi-logarithmic scale) confirms identical 
bcc lattice symmetry and lattice parameters (gray bars) for the control (black) and quenched (red) 
samples. (c) A representative scanning electron micrograph of the control sample (top) with its size 
distribution (middle, semi-logarithmic scale) and frequency of well-formed superlattices (bottom). In 
the SEM images, the excess silica that forms during the encapsulation process can be observed around 
the rhombic dodecahedral microcrystals. The red line in the SEM image denotes a characteristic edge 
length, L. (d) The same information as in c for quenched samples. Scale bars: (a) 1 cm and (c, d) 1 μm. 
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An identical PAE solution without the quenching sublayer was prepared in another test tube as a 

control sample. It is important to note that the concentration of Na+ in the 10% dextran sulfate 

solution is approximately 0.55 M, supplying sufficient ionic strength without additional 

electrolytes to maintain DNA hybridization and prevent the settling PAE crystals from 

disassembling. Both samples were slow cooled in the water bath at a rate of 0.01 °C·min-1 through 

the melting temperature (Tm). In agreement with our hypothesis, the colloidally stable free PAEs, 

which can be visually identified as red, do not penetrate the density barrier during the cooling 

process, whereas the colloidal crystals (dark gray suspension) drop through the quenching layer as 

they form and reach a critical sedimentation size (Figure 3.3a). The density barrier moves upwards 

over the crystallization process, a consequence of the decrease in osmotic pressure in the top layer, 

as the PAE colloids crystallize and sediment. This effect is especially pronounced when 

superlattice assembly and purification are studied as a function of initial PAE concentration as 

discussed in a later section. Verified by SAXS (Figure 3.3b), the two samples have identical bcc 

lattice symmetries and parameters which indicates that this simple modification of the 

crystallization process does not affect the nanoscale form of the PAE colloidal crystals.  

 

3.5.2 Size Uniformity 

Microcrystal size characterization was carried out via SEM (Appendix B). Here, the as-

synthesized PAE colloidal crystals were transferred to the solid-state by embedding them in 

silica.101 Once embedded, they retain their crystal structure out of the aqueous NaCl solution, and 

therefore, can be dropcast onto a Si wafer. The samples were then imaged by SEM, and the 

characteristic edge lengths (L, one such length illustrated in Figure 3.3c) of the rhombic 

dodecahedra were measured from these micrographs, considering various orientations of the 
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rhombic dodecahedra and their projection angles. The presence of excess silica, a byproduct from 

encapsulation process, should be noted. Since the individual PAEs can be resolved under SEM, 

the microcrystals are distinguishable from the silica debris. To quantify the size uniformity of these 

microcrystal populations, measured edge lengths for the control and quenched samples were 

binned (Figure 3.3c,d, middle). From these histograms, the distribution of the control sample 

synthesized without the sublayer results in a mean L of 1.04 μm with a PDI of 0.13. In contrast, 

the quenched sample has a similar mean L of 0.95 μm but a much improved PDI of 0.044. The 

size distribution of quenched microcrystals is consistent among the five batches assembled within 

the same nanoscale form and conditions (mean L between 0.95 and 1.03 μm and PDI between 

0.032 and 0.046, Table 3.1), demonstrating that the synthesis of PAE crystals with reproducible 

microscale form is achieved using this method. Under both conditions, smaller, sub-200 nm 

superlattices were observed, although they occurred more frequently in the control system (the 

single-phase growth solution). The smaller microcrystals in the quenched samples may persist due 

to adsorption onto sedimenting microcrystals that carry them into the quenching layer. Because 

most of these smaller aggregates are not well-formed rhombic dodecahedra and obscured by excess 

silica, they were not included in the analysis. 

 

Table 3.1. Statistical data for the mean size and PDI of PAE microcrystals (20 nm Au and n = 1 DNA) in 
different batches. 

 

 

 

Batch number 1 2 3 4 5 
Counts 189 93 79 128 185 

Mean Size (L, µm) 0.95 1.03 0.99 1.01 0.98 
PDI 0.044 0.032 0.041 0.038 0.046 
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3.5.3 Shape Uniformity and Mobility in Viscous Solution 

Empirically, the result of the density-based quenching can also be visualized with fewer 

instances in which superlattices grow into each other when the dextran sulfate layer is present 

(Figure 3.1b,d and Appendix B). Qualitative inspections of the micrographs show a larger 

population of fused and misshapen (malformed) microcrystals in the control samples. It is also 

informative to include a complementary histogram (Figure 3.3b-c, bottom) in which well-formed 

and malformed superlattices are counted. Here, conjoined or asymmetric microcrystals are 

categorized as “malformed,” as are non-rhombic dodecahedral microcrystals. From this result, we 

see that the yield of well-constructed Wulff polyhedral microcrystals improved from 42% (114 

total counts) of the imaged population for the control case to 83% (181 total counts) for the 

quenched samples. This reveals that the denser sublayer effectively quenches inter-crystal 

interactions and coalescence. The enhancement in the shape uniformity can be attributed to the 

higher viscosity in the collection layer, as it retards the mobility of colloids, and thus suppresses 

the undesired post-sedimentation growth and coalescence.  

To examine the assembly kinetics in a viscous solution, the decay in extinction at λ = 520 

nm, the localized surface plasmon resonance wavelength of Au nanoparticles, was monitored by 

UV-vis spectroscopy for 6 h at room temperature (Figure 3.4). The normalized extinction at λ = 

520 nm can be approximated as the fraction of unbound free PAEs.1, 133 In this experiment, a PAE 

solution without linkers was prepared, containing 0.25 nM each of complementary A and B PAEs 

(Table 3.6) in 0.5 M NaCl. In the other sample, dextran sulfate was added (5% w/v) to an identical 

PAE solution for higher viscosity. At t = 0, the monitoring was started with the addition of the 

linker strands. The PAEs in the regular 0.5 M NaCl solution fully assemble within an hour, whereas 

it takes over 6 h for the PAEs in the viscous media to assemble. Using the Avrami equation,134 the 
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Figure 3.4. (a) Time-dependent extinction decay (at T = 25 °C) of PAEs at λ = 520 nm in a 0.5 M NaCl 
solution (black) and the same PAEs in 1:1 mixture of 0.5 M NaCl solution and 10% w/v dextran sulfate 
solution, i.e. 0.25 M NaCl and 5% w/v dextran sulfate (red). At t = 0, the linker strands are added so 
that the PAEs hybridize and are brought into proximity. (b) Same data plotted based upon Avrami 
theory. The linear fit (least squares method) at the earlier stage of each sample provides the values to 
calculate the rate constants of the decay. 

 

 

Table 3.2. Avrami fit of each data and the rate constant from Figure 3.4. 

 Slope, n Intercept, 
n⋅ln(k) 

Rate constant, 
k=exp( 𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈𝐈

𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒𝐒
) (min-1) 

Viscosity, η 
@25 °C (mPa⋅s) 

0.5 M NaCl 1.77 ± 0.04 -3.99 ± 0.06 0.105 ± 0.003 0.96 
1:1 mixture of 

buffer and 
dextran sulfate 

10% w/v 

1.23 ± 0.01 -5.57 ± 0.03 0.0107 ± 0.0005 8.24 
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time-resolved extinction can be described as a plot of 𝑙𝑙𝑙𝑙(− 𝑙𝑙𝑙𝑙(𝐸𝐸𝐸𝐸𝐸𝐸 𝐸𝐸𝐸𝐸𝑡𝑡0⁄ )) vs. 𝑙𝑙𝑙𝑙(𝑡𝑡) (Figure 

3.4b).133 From this approximation with the linear fit of the data, the rate constant in each solution 

can be extracted and quantitatively compared. The rate constant in the dextran sulfate solution is 

10 times smaller than in the control sample (Figure 3.4b and Table 3.2). Indeed, the reduced rates 

of binding in the dextran sulfate solution results from its higher viscosity, which is inversely 

proportional to diffusivity as derived from the Stokes-Einstein relationship.  

 

3.5.4 Effect of PAE Concentration on the Size Distribution of Microcrystals 

The dextran sulfate sublayer pushes the density barrier upwards as the crystals sediment, 

resulting in a contraction of the growth solution (Figure 3.3a). This is due to the osmotic pressure 

difference between the top and bottom layers. The volume contraction buffers the decrease in the 

concentration of PAEs in the growth solution that occurs due to crystallization and subsequent 

sedimentation. To support this conclusion, another experiment was carried out where the initial 

total PAE concentration in the top layer was deliberately varied (2, 5, 10, and 20 nM), while the 

sublayer composition was kept the same (Figure 3.5), where it was observed that the degree of 

volume contraction decreased with increasing PAE concentration. For the 2, 5, and 10 nM samples 

in Figure 3.5, the density barrier moved upward whereas in the 20 nM sample, some colloidal 

PAEs moved to the dextran sulfate solution, from which we could assume that the osmotic pressure 

of the 10% w/v dextran sulfate solution is between those of 10 and 20 nM PAE growth solutions. 

The density barrier expansion turned out to lead to greater superlattice size uniformity for varying 

initial PAE concentrations (Table 3.3). For control samples without quenching sublayers, the mean 

sizes of the resulting microcrystals increased substantially as function of increasing PAE 

concentration. Without the sublayer, the excess PAEs at high concentrations resulted in overgrown 
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Figure 3.5. Observation of the crystallization process (cooling rate 0.01 °C⋅min-1) with the dextran 
sulfate sublayer, and the concentrations of PAE in the growth solutions are varying from 2 nM to 20 
nM, from left to right. 
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microcrystals, while low concentrations resulted in smaller crystals due to a limited PAE supply, 

both of which contribute to non-uniformity in terms of isolated crystals. With the use of the dextran 

sulfate sublayer, the concentration-dependence of mean size was significantly reduced for the 5, 

10, and 20 nM PAE concentrations. The 2 nM PAE sample resulted in much smaller microcrystals 

with a relatively high PDI value compared to the higher PAE concentration samples (0.71 μm with 

PDI of 0.063). The volume contraction in this sample may not be sufficient to overcome the 

changing PAE concentration that accompanies superlattice formation and sedimentation. 

 

Table 3.3. Concentration-dependent microcrystal size distributions for 20 nm Au and n = 1 DNA system. 

 Control Quenched 
Initial PAE 

concentration 
in growth 
solution 

Counts 
Mean 
Size  

(L, μm) 

Standard 
Deviation 

(σ, μm) 
PDI Counts 

Mean 
Size  

(L, μm) 

Standard 
Deviation 
(σ, μm) 

PDI 

2 nM 165 0.64 0.26 0.16 163 0.71 0.18 0.063 
5 nM 115 0.77 0.29 0.14 148 0.97 0.19 0.038 
10 nM 159 1.10 0.36 0.11 185 0.98 0.21 0.046 
20 nM 228 1.07 0.36 0.12 240 1.01 0.22 0.046 

 

3.5.5 Other PAE Systems 

When considering the effect of sedimentation on microcrystal size, the density difference between 

the microcrystal and background medium may be the most useful variable to change the critical 

size of these microcrystals (Eqn. 3.2). One approach would be to use PAEs that assemble into 

superlattices of varying volume fractions of Au by tuning the DNA linker length. For the same 20 

nm Au nanoparticles with a systematic DNA design, where length is controlled by the number of 

modular units (n = 0, 1, or 2, Table 3.6), the volume fractions of Au in the crystal lattices were 

calculated from SAXS data and found to vary from 12.5 to 3.1% (Table 3.4 and Table 3.7). With 

a density of 19.32 g·cm-3 for Au and 1 g·cm-3 for water, the approximated density of the assembled 
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Figure 3.6. Microcrystal size distributions with varying lattice parameters. (a) Representative SEM 
images (left: control, right: quenched) and histogram of microcrystal edge lengths for 20 nm Au 
nanoparticles and n = 0 DNA (highest Au volume fraction sample). The excess silica from the 
encapsulation process can be observed around the microcrystals. The control sample is represented with 
gray bars, and the quenched samples with red bars in the histogram. (b, c) Same data as in (a) for n = 1 
and 2 samples (decreasing Au volume fractions), respectively. All scale bars: 1 μm. 
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crystals in solution varies from 3.3 to 1.6 g·cm-3. The size distribution of microcrystals and 

representative SEM images for each sample are presented in Figure 3.6a-c (Table 3.5). In addition 

to the improved size uniformity for all three PAE crystals through the quenching method, we observe from 

these results that the average microcrystal size increases with increasing DNA length (decreasing Au 

fraction), thus supporting that the improvement in uniformity was indeed based on sedimentation-based 

quenching. 

Table 3.4. Calculated Au volume fractions and densities of superlattices depending on n. 

Number of Modular Units, n Volume Fraction of Au (%) Approximated Density, ρ (g·cm-3) 
0 12.5 3.3 
1 6.96 2.3 
2 3.10 1.6 

 

Furthermore, this method is amenable to assemblies of PAEs of various core sizes and 

compositions (Figure 3.7). When different sizes of nanoparticles (10 nm or 40 nm) were used for 

the microcrystal formation, the uniformity of quenched samples consistently improved, namely 

the PDI dropped from 0.14 to 0.03 for smaller PAEs (10 nm Au cores with n = 0 DNA linker) and 

from 0.082 to 0.031 for larger PAEs (40 nm Au cores with n = 2 DNA linker), from control to 

quenched samples, respectively (Figure 3.7a-b, Table 3.5). The generality of this process was 

observed by utilizing PAEs with spherical Ag cores (n = 1 DNA) where an improvement from in 

PDI from 0.11 to 0.037 was realized (Figure 3.7c, Table 3.5). As the improved uniformity of these 

crystals relies on the sedimentation of nanoparticle assemblies, this method can be extended to a 

variety of systems including anisotropic nanoparticle assemblies with different crystal habits.28 
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Figure 3.7. Microcrystal size distributions for 10 nm Au, 40 nm Au, and 20 nm Ag nanoparticle 
assemblies. This quenching technique can be extended to DNA nanoparticle superlattices of varying 
nanoparticle sizes and compositions. The SEM micrographs of control (left) and quenched (middle) 
samples, and the histograms (right, gray: control, red: quenched) are represented for (a) 10 nm in 
diameter Au nanoparticles (n = 0 DNA), (b) 40 nm in diameter Au nanoparticles (n = 2 DNA), and (c) 
20 nm in diameter Ag nanoparticles (n = 1 DNA). The excess silica from the encapsulation process can 
be observed around the microcrystals. All scale bars: 1 μm. 
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Table 3.5. Tabulated microcrystal size distributions. 

 Control Quenched 

Sample Counts 
Mean 
Size  

(L, μm) 

Standard 
Deviation 

(σ, μm) 
PDI Counts 

Mean 
Size  

(L, μm) 

Standard 
Deviation 

(σ, μm) 
PDI 

20 nm Au  
n = 0 DNA 211 0.48 0.19 0.16 142 0.61 0.11 0.032 

20 nm Au  
n = 1 DNA 118 1.04 0.38 0.13 189 0.95 0.20 0.044 

20 nm Au  
n = 2 DNA 87 1.29 0.40 0.16 89 1.32 0.26 0.040 

10 nm Au  
n = 0 DNA 190 1.08 0.38 0.14 152 1.27 0.22 0.030 

10 nm Au  
n = 1 DNA 169 1.49 0.57 0.15 223 1.69 0.37 0.047 

40 nm Au  
n = 1 DNA 156 0.58 0.19 0.10 186 0.47 0.095 0.040 

40 nm Au  
n = 2 DNA 182 0.69 0.20 0.082 220 0.57 0.10 0.031 

20 nm Ag  
n = 1 DNA 379 0.96 0.32 0.11 190 1.00 0.19 0.037 

 

3.6 Conclusions 

This work is important for two main reasons. First, it provides a general and effective 

method for arresting crystal growth and significantly narrowing crystal size distributions, and 

second, it is independent of particle size, composition, and shape,18, 21, 28, 127 and therefore, should 

be extendable to a wide variety of crystal types. Consequently, researchers who are interested in 

using colloidal crystals to realize important structure-function relationships now have a tool to 

prepare crystals with uniform size. This level of size control will be essential for many 

applications, especially in the area of optics.  
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3.7 Experimental 

3.7.1 Materials and Instruments 

Spherical Au nanoparticles were purchased from BBI and Ag nanoparticles were purchased 

from NanoXact. Oligonucleotides were synthesized using an MM48 Automated Oligonucleotide 

Synthesizer with reagents from Glen Research. Chemicals including NaCl, NaH2PO4 and 

Na2HPO4 for pH buffer, SDS, and dextran sulfate sodium salt (from Leuconostoc spp., MW ~ 

500,000) were purchased from Sigma Aldrich. Hitachi SU8030 FE-SEM was used for imaging. 

The sequence design, synthesis, and purifications of DNA were carried out in a similar 

manner as discussed in the previous chapter. The sequences used in this study is in Table 3.7. 

Table 3.6. DNA sequences used in this study. 

Thiol-modified DNA strands 
(for Au nanoparticles) DNA Sequences (5’ → 3’) 

A anchor TCA ACT ATT CCT ACC TAC (Spacer 18)2 – SH 
B anchor TCC ACT CAT ACT CAG CAA (Spacer 18)2 – SH 

Dithiol serinol-modified DNA 
strands (for Ag nanoparticles) DNA Sequences (5’ → 3’) 

A anchor TCA ACT ATT CCT ACC TAC (Spacer 18)20 – DTS 
B anchor TCC ACT CAT ACT CAG CAA (Spacer 18)20 – DTS 

Linker strands DNA Sequences (5’ → 3’) 

A linker (n = 0, 1, or 2) GTA GGT AGG AAT AGT TGA (Block modular unit)n (Spacer 18) 
TTT CCT T 

B linker (n = 0, 1, or 2) TTG CTG AGT ATG AGT GGA (Block modular unit)n (Spacer 18) 
AAG GAA A 

Block strands DNA Sequences (5’ → 3’) 
Block modular unit (Spacer 18) TTA CTG AGC AGC ACT GAT TT 

Block duplex for linkers 
strands AAA TCA GTG CTG CTC AGT AA 

“Spacer 18” refers to the six ethylene glycol units with modified phosphoramidites, which were 
manufactured by Glen Research. 

 

3.7.2 Preparation of PAEs and Their Hybridization 

3’-propylthiol-terminated DNA anchor strands (Table S1) were added to the citrate-capped 

Au nanoparticle solution. For Ag nanoparticles, dithiol serinol-terminated DNA strands were used. 
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The solution was then salt-aged up to 0.5 M NaCl to maximize DNA loading on the nanoparticles. 

After an overnight incubation, the DNA-functionalized nanoparticles were washed three times 

with 0.5 M NaCl to remove excess DNA by centrifugation. Respective DNA linkers were then 

hybridized to the nanoparticles in equivalence (Table S1, 250, 600, and 1200 linkers/particle for 

10, 20, and 40 nm nanoparticles, respectively) forming PAEs. Small portions sampled from each 

of the A and B PAEs with complementary sticky ends were added together to induce hybridization, 

and the temperature-dependent extinction of the mixed nanoparticle systems was monitored from 

which the Tm was derived. The hybridization process was carried out in aqueous 0.5 M NaCl with 

10 mM PB (pH 7.6) and 0.01% SDS. 

 

3.7.3 Preparation of PAE Microcrystals  

A thermocycler (ProFlex PCR System, ThermoFisher) or a water bath equipped with an 

immersion circulator (AC200, ThermoFisher) was used to slowly cool the PAE solution starting 5 

˚C above Tm (measured from temperature-dependent extinction) to room temperature at a ramp 

rate of 0.1 ˚C every 10 min. Control samples of just the A-B PAEs in 0.5 M NaCl solution were 

used. To implement the density barrier filtering of these microcrystals, a 10% w/v dextran sulfate 

solution (ρ = 1.058 g·cm-3) was placed beneath the same volume of PAE solution.  

 

3.7.4 Silica Encapsulation of Microcrystals 

Upon cooling down to room temperature, the samples were removed from the growth vials 

and cleaned of excess dextran sulfate (for cases in which it was used) by two rounds of 

centrifugation. The superlattices were then suspended in a 0.5 M NaCl solution to which N-

trimethoxysilylpropyl-N, N, N-trimethylammonium chloride was first added, and triethoxysilane 
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was added 20 min later. The solution was shaken for over 12 h in a temperature-controlled mixer 

at 700 rpm, after which the samples were resuspended in water. 

 

3.7.5 Characterization Methods 

SEM: PAE microcrystals suspended in water were dropcast onto Si wafers and then imaged 

with SEM (Hitachi SU-8030 FE-SEM). Quartz PCI software was used to measure the edge lengths 

of the rhombic dodecahedra from the micrographs. The PDI value was calculated from the standard 

deviations (𝜎𝜎) and mean size (𝐿𝐿�) for each sample, by PDI = �𝜎𝜎 𝐿𝐿�� �
2
.  

 SAXS: These experiments were conducted at the Dow-Northwestern-Dupont 

Collaborative Access Team (DND-CAT) beamline of the Advanced Photon Source (APS) at 

Argonne National Laboratory. All of the experiments were conducted with an X-ray wavelength 

of 1.24 Å (10 keV). The sample angle was calibrated with a silver behenate standard, and two sets 

of slits were used to define and collimate the beam. Samples were prepared in a 1.5 mm quartz 

capillary (Charles Supper Company, Inc.) and placed into the sample stage. Exposure times varied 

from 0.1 to 0.5 s, and scattered radiation was detected with a CCD area detector. One-dimensional 

radially averaged SAXS data presented with scattering intensity, I(q), as function of the scattering 

vector, q, was obtained by an azimuthal average of two-dimensional scattering patterns. 

 q =
4π sin 𝜃𝜃

𝜆𝜆
 (3.3) 

where θ is half of the scattering angle and λ is the wavelength of X-ray radiation. Scattering from 

the solution, capillary, and DNA were assumed to be negligible due to the orders of magnitude 

difference in the scattering associated with the Au nanoparticles. The space group assignment 

(Im3�m for bcc and Fm3�m for fcc lattices) and interparticle spacing were determined by comparing 
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the positions of experimental diffraction peaks to the predicted peaks. The structural parameters 

of these systems are tabulated in Table 3.8. 

 

Table 3.7. Lattice parameters from the SAXS data and calculated Au volume fraction in each 
microcrystal sample. 

Sample Space Group Lattice parameter, 
a = b = c (Å) 

Volume fraction of 
Au (%) 

10 nm Au, n = 0 DNA Im-3m (bcc) 300.84 3.85 
10 nm Au, n = 1 DNA Im-3m (bcc) 419.13 1.42 
20 nm Au, n = 0 DNA Im-3m (bcc) 406.03 12.5 
20 nm Au, n = 1 DNA Im-3m (bcc) 493.75 6.96 
20 nm Au, n = 2 DNA Im-3m (bcc) 646.30 3.10 
40 nm Au, n = 1 DNA Im-3m (bcc) 670.25 22.3 
40 nm Au, n = 2 DNA Im-3m (bcc) 816.48 12.3 
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4.1 Summary 

 A post-synthetic method for stabilizing colloidal crystals programmed from DNA has been 

developed. The method relies on Ag+ ions to stabilize the particle-connecting DNA duplexes 

within the crystal lattice, essentially transforming them from loosely bound structures to ones with 

very strong interparticle links. Such crystals do not dissociate as a function of temperature like 

normal DNA or DNA-interconnected superlattices, and they can be moved from water to organic 

media or the solid state, and stay intact. The Ag+-stabilization of the DNA bonds is accompanied 

by a nondestructive ~25% contraction of the lattice, and both the stabilization and contraction are 

reversible with the chemical extraction of the Ag+ ions, by AgCl precipitation with NaCl. This 

synthetic tool is important, since it allows scientists and engineers to study such crystals in 

environments that are incompatible with structures made by conventional DNA programmable 

methods and without the influence of a matrix like silica.  

 

4.2 Background 

DNA-mediated colloidal crystal engineering is emerging as one of the most powerful ways 

to deliberately generate and tailor crystal composition, lattice parameter, and habit.1, 15-16, 19, 27-28, 

125, 136-137 However, such structures are held together by relatively weak linkages that are sensitive 

to the environment (salt concentration, solvent, and temperature). As a consequence, they typically 

must be embedded in a matrix, such as silica, before they can be manipulated and studied in the 

solid state.101 In this chapter, we report a new post-synthetic approach to increase the stability of 

DNA-interconnected colloidal crystals.  

From recent studies, it has been shown that the thermal stability of duplexed 

oligonucleotides can be increased by the insertion of Ag+ ions in between the nucleobases.106, 138-



76 
140 Specifically, Ag+ ions replace the hydrogen bonds between the base pairs and form coordinate 

covalent bonds between Ag+ ions and heterocyclic N atoms. In contrast with other metal ions 

which form one specific metallo base pair (e.g. G-Au3+-C and T-Hg2+-T),141-142 Ag+ is less specific 

and results in a variety of metallo base pairs such as C-Ag+-C, C-Ag+-T, C-Ag+-A, G-Ag+-G, G-

Ag+-C, and T-Ag+-T and is, therefore, a candidate to fully metallize DNA duplex strands.107, 139, 

143-145 These findings inspired us to explore how Ag+-stabilization of DNA could be used to 

stabilize colloidal crystals made from DNA and DNA-modified nanoparticles, or PAEs,2 and 

potentially eliminate the need for a stabilizing matrix to work with such systems in non-aqueous 

environments or the solid state.  

 

4.3 Results and Discussions 

4.3.1 Stability in Pure Water and in the Solid State  

 To test our hypothesis, colloidal single crystals of PAEs were synthesized using methods 

described in the literature for making bcc structures.27, 108 Specifically, complementary A and B 

type PAEs (spherical Au nanoparticles with 20 nm diameters, DNA sequences in Table 4.3) were 

mixed together and slowly cooled in pH-buffered saline (0.5 M NaCl). Through this process, the 

PAEs crystallize into superlattices and eventually form rhombic dodecahedral (RD) microcrystals. 

After Cl- anions were removed by repeated solution exchange with 0.5 M NaClO4
 (aq) to avoid 

any precipitation with Ag+, the RDs were dispersed in 0.5 M AgNO3 solution, where excess Ag+ 

ions compared to the DNA base pairs were present. At this stage, the effect of Ag+-stabilization 

can be observed with the naked eye, since the dark suspension of RDs immediately becomes less 

opaque upon redispersion (Figure 4.1b). This change is caused by the contraction of the DNA 

particle interconnects, resulting in a reduction of the visible light scattering cross-section of the 
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Figure 4.1. (a) Schematic illustrating the synthesis of Ag+-stabilized PAE crystals (Ag-RDs). (b) In 
contrast to unmodified PAE crystals (RDs), which are stable in 0.5 M NaCl but dissociate upon 
resuspension in pure water, Ag-RDs are stable in water. (c) Radially-averaged one-dimensional SAXS 
patterns show lattice contraction upon the transformation into Ag-RDs (green) by transferring RDs 
(purple) to 0.5 M AgNO3. Ag-RDs are stable in unsalted water (grey). The first five peaks in each pattern 
were assigned to bcc lattices. (d) SEM micrographs (bottom: high resolution images of (110) facets from 
the corresponding squares) confirm the nondestructive contraction of RD to Ag-RD while maintaining 
crystallinity. Scale bars: (top) 500 nm and (bottom) 100 nm. 
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crystals. SAXS confirms this contraction with peak-shifts to higher q, a consequence of the 

decrease in lattice parameter (a 25% reduction, Table 4.2). This contraction occurs due to a 

shortening of the metallo-DNA duplex, compared to the metal-free form, which has been 

crystallographically characterized.139 The peak broadening in SAXS that accompanies the Ag+ 

addition can be attributed to an increase in lattice strain and reduction in domain size, both of 

which result from the volume contraction of the colloidal crystals (Figure 4.1c).146-147 SEM also 

shows that the RDs retain their rhombic dodecahedron crystal habit and bcc lattice symmetry 

(Figure 4.1d). Importantly and remarkably, the Ag+-stabilized PAE crystals (Ag-RDs) can be 

transferred to pure water without them disassembling, something not possible with untreated 

DNA-interconnected RDs, which disassemble into colloidal suspensions of particles, as evidenced 

by the formation of a red colloid with a UV-vis signature at 520 nm associated with dispersed 20 

nm diameter Au nanoparticles (Figure 4.1b). 

The structural stability of Ag-RDs in pure water was further verified by SAXS, which 

showed no peak shift (Figure 4.1c). Also, after three cycles of washing with pure water and drying, 

the lattice symmetry and microscale crystal habit of the Ag-RDs were not significantly affected by 

the Ag+ ion-induced transition to the solid state, as evidenced by SEM (note that unlike silica 

matrix embedding, there is no evidence of impurity-based precipitates, Figure 4.1d). Note that an 

additional 15% reversible decrease in lattice parameters is observed by SAXS with this 

dehydration process (therefore in total, a 36% contraction from the as-synthesized RDs, Figure 

4.6a and Table 4.2). We attribute the dehydration-induced shrinkage to the polyethylene glycol 

(PEG) units in the DNA; only a 3.2% contraction, upon dehydration, was observed in the Ag+-ion 

stabilized PAE crystals without the PEG units in the anchor strands (Table 4.2). The mean edge 

lengths of the rhombic dodecahedra PAE crystals, post-stabilization, were measured by solid-state 
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SEM; for silica-embedded samples,101 the average was determined to be 0.93 ± 0.16 μm, while for 

Ag-RDs, it was determined to be 0.61 ± 0.09 μm. These microscopic contraction values correspond 

well with the lattice parameter changes determined by SAXS (i.e. a 34% decrease for the rhombic 

dodecahedron edge lengths in SEM and a 36% decrease in the lattice parameters as measured by 

SAXS, Table 4.2).  

 

4.3.2 Molecular Level Characterizations 

Further studies were carried out to determine how the addition of Ag+ enhances the stability 

of DNA and PAE crystals. The materials analyses, including circular dichroism (CD; Figure 4.2), 

X-ray photoelectron spectroscopy (XPS; Figure 4.3), and ICP-OES (Table 4.1), complementarily 

substantiate that Ag+ ions chemically bind to the DNA. For example, upon Ag+ addition, 

conformational changes of the DNA can be observed by CD spectroscopy, as evidenced by the 

formation of negative bands around 275 nm.138-140 In addition, XPS shows a shift of the N 1s peak 

(N−C−O and N−C=O) to a lower binding energy (401 to 399 eV), a consequence of the increase 

in the electron density at the N atoms binding to Ag+ ions.148  

 Specifically in ICP-OES, it was found that no excess Ag+ ions bind to the DNA duplexes; 

the Ag/base pair values do not exceed 0.45 even if a large excess of Ag+ was used (Table 4.1). 

This result indicates that, on average, only one or less Ag+ ion is attached to each base pair, but 

there still must be a nucleobase-dependence (for example, Ag+ ions are not likely to bind to A 

bases). Considering ~60% of A-T contents in the DNA design, arithmetically, most of the C-G 

pairs may be transformed as metallo base-pairs, whereas the A-T pairs may remain in the Watson-

Crick conformation, and minimal amount of Ag+ may be bound to the backbone.  
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Figure 4.2. CD spectra of (a) A DNA (anchor + linker), B DNA, A DNA with Ag+, and B DNA with 
Ag+, and (b) mixture A DNA and B DNA with and without Ag+. 

 

 

 

 

Table 4.1. Comparison of mass and molar contents of Ag per base pair from ICP-OES. 

Initial Ag 
(equiv. to base pair) 

Measured Ag 
(equiv. to base pair) 

Standard Deviation 

0 0.001 0.0007 
0.25 0.251 0.0066 
0.5 0.393 0.0020 
2.5 0.435 0.0069 
5 0.319 0.0082 
10 0.290 0.0068 

200 0.288 0.0543 
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Figure 4.3. (a) Schematic representation of a DNA strand (TCAG). Color representation is correlated 
to the peak fittings. (b) XPS spectra of RDs at N 1s core level peaks (left) and O 1s core level peaks 
(right) before Ag+-stabilization. (c) Same data for Ag-RDs. 
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 For the XPS analysis, according to Volkov et al.,148 the core level N 1s peaks of DNA can 

be decomposed into two peaks depending on their chemical states: N atoms near O (N3 atoms in 

T or C, and N1 atom in G, NII in the spectrum, Figure 4.3) and the others (NI). Similar to the 

literature, as a result of the Ag+ addition to PAE crystals, an increase in the relative intensities of 

NI was observed, suggesting that Ag+ binds to a fraction of the heterocyclic NII sites and the peak 

shifts to NI. The changes in O peaks possibly indicate that Ag+ ions are also adsorbed to the 

phosphate backbone, but it is difficult to deconvolute them from the background signals from 

adsorbents on the substrate and to derive a decisive conclusion.  

 

4.3.3 Thermal and Chemical Stability 

Not only does Ag+ stabilize PAE crystals in pure water, but it also prevents their thermal 

dissociation. As previously reported, Ag+-coordinated base pairs are orders of magnitude stronger 

than canonical Watson-Crick base pairing.138 Indeed, this results in substantially increased DNA 

bond stability within the crystals. Variable-temperature UV-vis spectroscopy and SAXS confirm 

this increased stability in water (Figure 4.4a). Note that while the untreated RDs melt at 45.5 °C 

(FWHM ≈ 2.5 °C) in aqueous 0.5 M NaCl, the Ag-RDs show no evidence of melting from room 

temperature to 90 °C (Figure 4.4a). Similarly, SAXS confirms that the Ag-RDs show no change 

in lattice structure in water at 90 °C, whereas the bcc SAXS pattern for the untreated RDs 

disappears at and above 50 °C. Note the RDs maintain their Wulff shape after heat treatment at 

90 °C in water for 1 h (Figure 4.4a inset), and even in the solid state after being heated to 200 °C 

for 5 h (Figure 4.5).   

Remarkably, the crystalline Ag-RDs were stable in aqueous media over the 5 – 11 pH range 

and in many organic solvents (acetone, ethanol, and isopropyl alcohol, Figure 4.4b), as evidenced  
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Figure 4.4. (a) Melting curves (left) measured by variable-temperature UV-vis spectroscopy for RDs 
composed of 20 nm spherical Au nanoparticles suspended in 0.5 M NaCl (purple), and Ag-RDs in water 
(green). An inset SEM image confirms that the Ag-RDs maintain the Wulff shape after heating at 90 
°C. SAXS patterns (right) for Ag-RDs in water do not change over the range of 20 – 90 °C. Scale bar: 
1 µm. (b) Ag-RDs can be transferred into variety of pH solutions (left), and acetone (pink), ethanol 
(blue), isopropyl alcohol (yellow, right) while maintaining their symmetry and lattice parameters. (c) 
SAXS patterns (top) and variable-temperature UV-vis spectroscopy (bottom) show the reverse reaction 
from Ag-RD to RD by transferring to 0.5 M NaCl solution. By comparison with NaClO4, Cl– is indeed 
responsible for the Ag+ elimination.  
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Figure 4.5. SEM images of Ag-RDs after being heated in the solid state under air for 5 h on Si wafers. 
The Ag-RDs remain intact up to 200 °C. Above 250 °C, the Ag-RDs start breaking and sintering. All 
scale bars: 1 μm. 
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by SAXS. The effect of changes in pH were negligible above pH 5, but some peaks broadened at 

pH 3. At a pH below the pKa of the imino N3 group in cytosine (4.2),149 H+ effectively competes 

with Ag+ for the binding sites (N atoms) in the nucleotide bases.150 The robust nature and thermal 

stability of Ag-RDs in the solid state (Figure 4.5) will be important as these structures become the 

basis for device components,9, 128 where they must be compatible with conventional lithographic 

procedures, including heat treatment and exposure to various types of photoresists (organic) and 

developers (typically basic solutions).151  

 

4.3.4 Reversibility 

 The reversibility of the Ag+-stabilization of PAE crystals was tested by a Cl–-induced AgCl 

precipitation reaction. After two cycles of washing and resuspension in 0.5 M NaCl, SAXS peaks 

of the Ag-RDs shift to lower q, closer to the peak positions of the original RDs (Figure 4.4c), 

which proves the expansion of the bcc crystal lattices. Importantly, the solution remains colorless 

indicating that the superlattices do not dissociate during Ag+ ion extraction. However, the lattices 

post-extraction do melt with Tm of 44 °C (FWHM = 8 °C), the value expected for Ag+-free PAE 

crystals. The reversible contraction and expansion by the addition and extraction of Ag+ can be 

repeated at least three times (Figure 4.6b). To better understand this recovery process, a control 

sample was prepared with the Ag-RDs washed and re-dispersed in 0.5 M NaClO4, which contains 

the same amount of Na+ ions but anions that do not react with the Ag+ in the superlattices. A similar 

but relatively modest shift of the SAXS peaks to lower q was observed, but interestingly, such 

crystals do not thermally decompose, even at 90 °C (Figure 4.4c). 
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Figure 4.6. Change in lattice parameters as a function of (a) dehydration, (b) addition of 0.5 M NaCl, 
and (c) addition of 0.5 M NaClO4 over three cycles. The lattice parameters were calculated from SAXS 
measurements. 
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4.3.5 Other PAE Systems 

To test the generality of the Ag+-stabilizing process, we studied PAE superlattices with 

different lattice parameters, symmetries, and core sizes. Specifically, we examined three different 

PAE systems: (1) one with a bcc lattice symmetry but greater lattice spacing (Table 4.2), (2) one 

with a fcc lattice symmetry, and (3) a bcc superlattice composed of smaller PAEs (10 nm diameter 

core). All three cases, consistent with the earlier results, showed the conservation of lattice 

symmetries with reduced lattice parameters, and could be stably transferred into water without salt, 

and eventually to the solid state for SEM (Figure 4.7). Furthermore, by combining this method 

with density-based filtering,108 it is possible to obtain a large batch of uniform and pure colloidal 

crystals in powder form (Figure 4.8). 

 

4.4 Conclusions 

In conclusion, we have developed a general method for stabilizing colloidal crystals made 

with DNA by integrating Ag+ ions into their DNA bonds. Crystals treated in this manner can be 

studied and manipulated in media and at temperatures typically incompatible with such materials, 

and therefore, this technique will increase the scope of their utility, especially in the areas of optics, 

catalysis, electronics, and other applications where the pristine crystal habit and crystal symmetry 

are critical for device performance.9, 12, 115, 128, 152  
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Figure 4.7. Schematics for the unit cells, radially averaged one-dimensional SAXS patterns, and SEM 
images of untreated PAE crystals (purple) and Ag+-stabilized PAE crystals (green). (a) bcc superlattice 
of 20 nm nanoparticles with longer DNA linkers (Table 4.3), (b) fcc superlattice of 20 nm nanoparticles, 
and (c) bcc superlattice of 10 nm nanoparticles. Scale bars: 1 µm and 100 nm for insets. 
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Figure 4.8. (a) Large-scale synthesis (> mg) of rhombic dodecahedral PAE crystals in uniform and pure 
powder form. (b) A magnified image of the highlighted area in panel a. Scale bars: (a) 5 µm and (b) 500 
nm. 
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Table 4.2. Experimental conditions and lattice parameters determined from SAXS. 

Particle 
size (nm) DNA Ag+ Solution Space group 

Lattice 
parameter (Å) 

20 Normal A-B no NaClO4 Im3�m 432.97 
20 Normal A-B no acetone Im3�m 284.58 
20 Normal A-B no IPA Im3�m 282.56 
20 Normal A-B no ethanol Im3�m 282.13 
20 Normal A-B no pH3 N/A N/A 
20 Normal A-B no pH5 Im3�m 431.46 
20 Normal A-B no pH7 Im3�m 431.27 
20 Normal A-B no pH9 Im3�m 433.86 
20 Normal A-B no pH11 N/A N/A 
20 Normal A-B no NaClO4 Im3�m 435.32 
20 Normal A-B no dry N/A N/A 
20 Longer A-B no NaClO4 Im3�m 557.95 
20 Self-complementary no NaClO4 Fm3�m 517.26 
10 Normal A-B no NaClO4 Im3�m 312.12 
20 Normal A-B yes AgNO3 Im3�m 326.20 
20 Normal A-B yes H2O Im3�m 327.23 
20 Normal A-B yes acetone Im3�m 316.01 
20 Normal A-B yes IPA Im3�m 314.05 
20 Normal A-B yes EtOH Im3�m 314.68 
20 Normal A-B yes pH3 Im3�m 353.56 
20 Normal A-B yes pH5 Im3�m 361.28 
20 Normal A-B yes pH7 Im3�m 362.73 
20 Normal A-B yes pH9 Im3�m 369.31 
20 Normal A-B yes pH11 Im3�m 364.90 
20 Normal A-B yes NaCl Im3�m 388.44 
20 Normal A-B yes NaClO4 Im3�m 373.06 
20 Normal A-B yes dry Im3�m 276.65 
20 Longer A-B yes H2O Im3�m 381.63 
20 Self-complementary yes H2O Fm3�m 390.29 
10 Normal A-B yes H2O Im3�m 201.6 
20 anchors without PEG no NaClO4 Im3�m 390.08 
20 anchors without PEG yes AgNO3 Im3�m 317.61 
20 anchors without PEG yes H2O Im3�m 316.06 
20 anchors without PEG yes dry Im3�m 306.05 

 
 
 
 



91 
4.5 Experimental 

4.5.1 Materials 

 Au nanoparticles were purchased from BBI via Ted Pellla, Inc., and reagents for DNA 

synthesis were purchased from Glen Research. Chemicals, including NaCl, AgNO3, NaClO4, 

NaH2PO4, Na2HPO4, and SDS were purchased from Sigma-Aldrich. Milli-Q® water was used in 

all aqueous solutions.  

The sequence design, synthesis, and purifications of DNA were carried out in a similar 

manner as discussed in the previous chapter. The sequences used in this study is in Table 4.3. 

Table 4.3. DNA sequences used in this work. 

DNA Description DNA Sequence (5’ to 3’) 
A Anchor TCA ACT ATT CCT ACC TAC (Spacer 18)2 – (CH2)3SH 
A Linker GTA GGT AGG AAT AGT TGA (Spacer 18) TTT CCT T 
B Anchor TCC ACT CAT ACT CAG CAA (Spacer 18)2 – (CH2)3SH 
B Linker TTG CTG AGT ATG AGT GGA (Spacer 18) AAG GAA A 

Long A Linker GTA GGT AGG AAT AGT TGA (Spacer 18) TTA CTG AGC AGC 
ACT GAT TT (Spacer 18) TTT CCT T 

Long B Linker TTG CTG AGT ATG AGT GGA (Spacer 18) TTA CTG AGC AGC 
ACT GAT TT (Spacer 18) AAG GAA A 

Self-Complementary 
A Linker GTA GGT AGG AAT AGT TGA (Spacer 18) GCG C 

Duplexer for Block 
modular unit AAA TCA GTG CTG CTC AGT AA 

“Spacer 18” refers to the six ethylene glycol units with modified phosphoramidites, which were 
manufactured by Glen Research. 

 

4.5.2 Functionalization of Nanoparticles with DNA 

 Au nanoparticles were functionalized with 3’-propylthiol-terminated oligonucleotides 

using literature procedures.98 Briefly, thiolated oligonucleotides (Table S1) were treated with a 

100 mm solution of dithiothreitol (DTT) in 0.17 M PB (pH = 8) for 1 h to deprotect the thiol 

terminals. Residuals from the deprotection reaction and excess DTT were removed with NAPTM-



92 
10 size exclusion columns (GE Healthcare). 30 mL of a commercial stock solution of citrate-

capped 20 nm nanoparticles was incubated with these DNA (30 OD) for 3 h at room temperature. 

PBS (pH = 7.4) and SDS were added to the solution, and aqueous 2 M NaCl was added gradually 

over 3 h until the final concentrations of PB, SDS, and NaCl were 10 mM, 0.01%, and 0.5 M, 

respectively. After 12 h, each nanoparticle solution was centrifuged (21,000 rcf) three times to 

remove excess DNA, with the supernatant removed each time. The particles were resuspended in 

1 mL of 0.01 M PBS (pH = 7.4), 0.5 M NaCl, and 0.01 wt % SDS. The concentration of each 

particle solution (A and B) was approximately 500 nm, quantified by UV-vis spectroscopy using 

known extinction coefficients for Au particles from the Ted Pella, Inc. 

 

4.5.3 Superlattice Assembly 

Rhombic dodecahedral PAE colloidal crystals (bcc lattice symmetry) were assembled by 

slowly cooling a solution of A- and B-type DNA-functionalized nanoparticles (5 nM each) with 

the respective DNA linker strands (3 μM each, Table S1), 0.01 M PB (pH = 7.4), 0.5 M NaCl, and 

0.01 wt% SDS. A density-based filtering method was used to enhance the uniformity of the PAE 

crystals;108 a 10% w/v dextran sulfate aqueous solution (Mr = 500000 g mol-1, ρ = 1.058 g cm-3) 

was placed beneath the same volume of the PAE solution before the slow-cooling process. During 

the slow-cooling, the density barrier keeps the free PAEs in the top layer from diffusing into the 

heavier dextran sulfate solution, and the sublayer captures only the sedimenting PAE crystals and 

quenches their growth.  
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4.5.4 Preparation of PAE Crystals Stabilized with Ag+ 

The assembled superlattices were washed three times with aqueous 0.5 M NaClO4 

containing 0.01 wt % SDS (this solution does not form precipitates with Ag+ cations). To stabilize 

the microcrystals, 0.5 M aqueous AgNO3 was rapidly added to the tube containing the superlattices, 

and the mixture was incubated for 12 h at room temperature to ensure complete reaction. 

Alternatively, qualitatively similar results could be obtained by heating at 90 °C for 5 min, instead 

of waiting for 12 h. Finally, the Ag+-stabilized superlattices were washed three times with water, 

prior to exposing them to different conditions. 

 

4.5.5 Silica Encapsulation of PAE Crystals 

 Prior to developing the method reported herein, a sol-gel process was used for embedding 

PAE crystals in silica.101 Such structures can be imaged by SEM without significantly perturbing 

them. We prepared the matrix-embedded structures for comparison purposes with the Ag+-

stabilized architectures. Briefly, 400 µL aliquots of PAE crystal samples were diluted with 0.01 M 

PB (pH = 7.4), 0.5 M NaCl, and 0.01 wt % SDS to a total 1 mL volume. 2 µL of N-

trimethoxysilylpropyl-N, N, N-trimethylammonium chloride (50% in methanol, Gelest, Inc.) was 

added, and the vessel was placed on a shaker at 700 rpm for 20 min. Then, 4 µL of triethoxysilane 

(Sigma-Aldrich) was added, and the solution was placed on a shaker (700 rpm) for 12 h at room 

temperature. The samples were washed three times and the silica-encased structures were collected 

each time by centrifugation (10 s, 10000 rpm), followed by removal of the supernatant and 

resuspension in 1 mL nanopure water. 
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4.5.6 Characteriziation Methods 

 SEM and SAXS: Very similar methods and experimental parameters were used as 

described in the previous chapter. 

 Variable-temperature UV-vis experiments: For melting experiments, 1 mL of each sample 

(total PAE concentration = 1 nm) was loaded in a quartz cuvette with a small cavity at the bottom 

for a magnetic stir bar. UV-vis spectra were collected at 520 nm for the Au nanoparticles and 260 

nm for the DNA on a Varian Cary 5000 UV-vis spectrometer, with the sample stage being heated 

from 25 to 65 °C (or to 90 °C for Ag+-stabilized crystals) at 0.1 °C min-1. The temperature was 

regulated with a Peltier heat pump attached to a six-cell holder, and the samples were tightly 

capped and continuously stirred throughout the experiment to facilitate thermal diffusion and to 

ensure the suspension of assemblies in the beam path.  

 ICP-OES: The P, Ag, and Au content in the DNA was quantitatively measured by ICP-

OES (iCAP 7600, Thermo Scientific) at the NU Quantitative Bio-element Imaging Center (QBIC). 

After the addition of AgNO3 aqueous solution and incubation at 90 °C for 5 min, the samples were 

purified by NAPTM-5 size exclusion columns to remove the residual Ag+ ions and other smaller 

entities. Then, the Ag+-incorporating DNA samples were digested by sonication in concentrated 

acid solution (HNO3 and HCl) for 1 h, followed by incubation at 55 °C for 12 h. Before the 

measurement, the samples were diluted so the acid concentration was 3% HNO3 and 2% HCl. 

Standards were prepared from analytical standard solutions purchased from Sigma-Aldrich.  

 CD: CD spectra of the free DNA strands with or without Ag+-stabilization were recorded 

between λ = 200 – 400 nm on Jasco J-1700 circular dichroism spectrometer at room temperature. 

The samples were prepared as aqueous solutions with 10 µM of the DNA in 5 mM 3-(N-

morpholino)propanesulfonic acid (MOPS) buffer (pH = 7.0) and 2 mM NaCl (or NaClO4 for 
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samples containing silver), and either 0 or 4 equivalents of AgNO3 to the number of base pairs was 

added to each sample. The measurements were performed after incubation at 90 °C for 5 min and 

cooling down to room temperature over 1 h.  

 XPS: XPS (ESCALAB 250Xi, Thermo Scientific) was carried out on PAE crystals. Ag+-

stabilized PAE crystals were prepared following the method described above, and a control sample 

without Ag+ was washed with 0.5 M NH4CH3COO three times. Each sample was dropcast onto a 

highly oriented pyrolytic graphite (HOPG) substrates, and dried under vacuum for 24 h, before the 

XPS measurements.  
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Chapter 5 Metallo-DNA as Conductive Interconnects for Nanoparticles 
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5.1 Summary 

 Despite being a decent (virtually ideal) structural surface ligands for nanoparticle assembly, 

DNA has been overlooked as device components for electronics and photocatalysis, mainly due to 

the relatively poor charge transport behavior. In this chapter, the techniques introduced in the 

previous chapters are combined to synthesize and electrically characterize Ag+-mediated DNA and 

colloidal crystals, to examine the possibility for the Ag+-DNA complexes to become conductive 

nanoparticle interconnects as molecular wires. The Ag+-mediated DNA and colloidal crystals 

exhibited orders of magnitude higher electric conductance than their unmetallized counterparts.  

 

5.2 Background 

5.2.1 Nanoparticle-Based Devices 

Pioneered by Murray and Kagan,153 the self-assembly of mono-, binary-, and tertiary-

nanoparticle superlattices7, 118, 154-156 has drawn a huge attention and pointed towards nanoparticle-

based optical and electronic devices. The two-dimensional superlattices can be characterized as 

metallic conductors, semiconductors, or insulators depending on the type of nanoparticle building 

blocks, and the combination of such layers enabled the realization of functioning devices such as 

field-effect transistors composed only of nanoparticles and their ligands.115 Upon the discussion 

throughout the previous chapters regarding the DNA-based methods that have demonstrated 

superior attributes for programmed nanoparticle assemblies and colloidal crystallization, the 

question arises: how such structures of great structural programmability can be used for 

applications in electronics and photocatalysis. 

There have been attempts to realize nanoparticle-based optoelectronic and photocatalytic 

devices by means of DNA-mediated approach. In typical systems, researchers co-assembled two 
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different types of semiconducting nanoparticles with by DNA-based strategies (but not specifically 

in periodic structures), such that the photoexcitation of the one component enhances the catalytic 

activities of the other part, for example, water splitting or CO2 reduction.157-161 However, although 

the binary system exhibited enhanced catalytic activities, they found that the charge and energy 

transports through DNA was not so efficient as they initially designed. This could be improved by 

the incorporation of charge hopping sites, suggesting that the conductive structural scaffolding 

would become the ideal device architectures for these applications. This finding highlights the 

importance of charge transport efficiency through DNA for the DNA-assembled superstructures 

to be used in the fields. 

 

5.2.2 Metal-DNA Complexes 

Metallization of DNA strands has been studied based on the motivations of building 

conductive molecular or nanostructures. Since the earlier works in late 1990s and early 2000s,41, 

162-163 researchers have fully metallized DNA strands where metallic nanowires with diameters of 

few tens of nanometers can be synthesized.164-165 These nanowires were indeed metallic conductors 

exhibiting high electric and thermal conductivities that are comparable to the values for bulk 

metals,164 but could not be categorized as molecular wires due to the dimensions similar to the 

sizes of colloidal nanoparticles. As mentioned in the previous chapter, the formation of metallo 

DNA complex compounds has been of vast attention recently, featuring the formation of metal-

nucleobase complex compounds, and for specific cases, linear ionic chains in the DNA via 

metallophilic (e.g. argentophilic) interactions.145, 166 Due to the relatively short inter-metal 

distances in the ranges of 2 – 3 Å and possible band formation, these systems are promising to 

become the bases for molecularly thin conductive wires.167 
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A recent literature studied Pd-mediated DNA strands between Au nanoparticles to 

demonstrate such idea. The authors built Au nanoparticle dimers interconnected by DNA and 

reinforced the DNA with Pd2+ ions (some of the samples were further reduced to metal 

nanoclusters).168 Optical properties of such dimer, namely localized surface plasmon, was used as 

a measure of interparticle charge conduction as the plasmonic coupling is highly dependent upon 

the conductivity of particle-connecting media. It was inferred in the study that the reduced metallic 

nanoclusters (or in their complex ion state) can be hopping sites that promote the charge 

conduction between nanoparticles. A similar effect can be expected in the Ag+-mediated DNA 

systems and Ag+-stabilized colloidal crystals introduced in the previous chapter. 

 

5.3 Results and Discussions 

5.3.1 Conductivity of Ag-DNA Measured by Nanogap Devices 

 To directly measure the conductivity of Ag+-DNA, we constructed OWL-based molecular 

junctions interconnected by DNA as described in Chapter 2 (Figure 5.1a). Briefly, Au-Ni-Au 

nanowires (100 nm diameter) were synthesized with templated electrochemical methods, with the 

thickness of the sacrificial Ni layer being ~10 nm. The nanowires were then released into 

suspension, washed, and then, spread by dropcast onto a thermally oxidized Si chip (oxide 

thickness = 500 nm) with prepatterned Au/Cr electrodes. E-beam lithography was used to connect 

the wires to the electrodes. The Au surfaces were passivated with the formation of MHA SAM in 

10 mM ethanolic MHA ethanolic for 12 h. The Ni layers were removed in 3% aqueous FeCl3 for 

3 h, and the formation of open circuit was confirmed electrically. The chip with broken junctions 

was then incubated at room temperature for 12 h in 0.5 M NaCl solution (10 mM PB pH 7.6) 

containing 10 µM DNA with both 3’-propylthiol and 5-hexylthiol termini (37-mer, Table 5.1). 



100 

 

 

Figure 5.1. (a) A representative SEM micrograph for gapped device. (b) I-V characteristics of a DNA-
interconnected device with/without Ag+. Scale bar: 200 nm(c) Binned conductivity (log) data, without 
Ag+ (extraction by cysteine, left) and with Ag+ (right). (d) On-off switching of conductance by Ag+-
mediation and extraction. (e) Arrhenius plot (Eqn 5.2) recorded by variable-temperature I-V 
measurement. 
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The sequence was designed from 12-mer sequence reported to form arrays of linear Ag+ chains in 

the core of DNA double helices, where the three repeating units of the 12-mer is self-

complementary with six C-C mismatches. These C-C mismatches were supposed to initiate Ag+-

insertion as reported in literature. Then, the chip was washed three times with saline solution to 

remove nonspecifically adsorbed DNA strands and incubated at 90 °C for 5 min in 10 mM aqueous 

AgNO3 to form Ag+-mediated DNA in the molecular junctions. The incubation batch was slowly 

cooled to room temperature and the chip was washed with water and dried with N2. 

 The electrical measurement was carried out under vacuum (~10-6 Torr) after 12 h of storage 

in the vacuum probe station. 11 devices out of 14 (remaining of which formed short circuits or 

gave no detectable signal) showed linear I-V characteristics with varying conductance values. For 

example, the current flow through one of the gap devices was measured to be ~0.15 nA at 0.1 V 

with a linear I-V characteristics, giving conductance values of 1.6×10-9 S from the slope (Figure 

5.1b). The device-to-device variation was perhaps caused by the number of bridging strands, 

variation in gap spacings, and/or the yield of Ag+-DNA formation. To verify the effect of Ag+, 

Ag+ ions were extracted from the DNA strands by chelating Ag+ ions in 10 mM cysteine solution. 

The conductance of this device was significantly reduced to 2.6×10-13 S, and the on-and-off 

switching with orders-of-magnitude changes in conductance by the insertion and extraction of Ag+ 

was observed. The conductance values of the 11 devices were recorded during the switching and 

binned to highlight the increase in conductance (Figure 5.1c,d).  

 For further characterization, variable-temperature I-V characteristics was measured in a 

temperature-controlled cryogenic probe station from 300 K to 80 K, and then back to 300 K. The 

temperature dependence data was formulated into Arrhenius plot (Figure 5.1e): 
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 G = A exp (−
Ea
kT

) (5.1) 

and 

 log(G) = −
log(𝑒𝑒) ∙ Ea

k
∙

1
𝑇𝑇

+ log(A)  (5.2) 

where G is the conductance, T is the temperature, Ea is the activation energy, k is the Boltzmann 

constant, and A is a constant. The plot showed two linear regions with different slopes from which 

the activation energies for charge conduction were calculated to be ~50 meV at high temperature 

range (200 – 300 K) and ~2.5 meV at low temperature range (80 – 200 K, Figure 5.1e). This 

suggests different charge transport mechanisms at high and low temperature ranges. A hysteresis 

at the high temperature range between heating and cooling curves was found, and this was possibly 

due to breakage or mechanical fracture induced by thermal contraction of nanowires during 

cooling or desorption of adsorbents.  

 

5.3.2 Conductivity of Ag-Mediated Colloidal Crystals 

 The conductivity measurement of DNA-interconnected Au nanoparticles, namely colloidal 

crystals, is another method conjecture of DNA charge transport, as discussed in Chapter 2. For this 

measurement, a pellet press was built, where a sample is placed in between two steel rods which 

serve as electric leads for a two-point-probe measurement (Figure 5.2a). In such design, the only 

current path is through the sample. Samples in powder forms are put into a soda-lime glass tube 

whose inner diameter is the same as the outer diameters of the steel rods (2.00 mm), and clamped 

gently from both sides during measurements. After measurements, the dimensions of the pellets 

were measured by optical microscopy. 
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Figure 5.2. (a) A photograph of the pellet press used for the conductivity measurements of powder 
samples in this study. (b) I-V characteristics for (1) Ag+-mediated crystals without PEG spacers in DNA, 
(2) unmetallized PAE crystals, and (3) Ag+-mediated crystals with PEG spacers in DNA (Table 4.4). 
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 The conductivities of rhombic dodecahedral colloidal crystal samples with bcc lattice 

symmetries were measured in this study. The colloidal crystals were prepared in the same manner 

as described in Chapter 4. In a typical experiment, PAEs with 20 nm Au cores were functionalized 

with 3’-propylthiol-terminated DNA strands without PEG spacers by salt aging procedure and 

mixed with respective linker strands (n = 0 DNA) in 0.5 M NaCl solution with 0.01 M PB and 

0.01% SDS (Table 5.1). Then, the growth solution was slowly cooled from Tm + 5 °C to room 

temperature at a rate of 0.01 °C·min-1 in a temperature-controlled water bath. The synthesized PAE 

crystals were collected and washed three times with 0.5 M NaClO4 aqueous solution with 0.01% 

SDS. After the removal of the supernatant, 0.5 M aqueous AgNO3 was quickly added to the 

crystals and incubated in dark for 12 h. The Ag+-mediated colloidal crystals were washed with 

pure water for three times and dried under vacuum. It is noteworthy that the pellet conductivity 

measurements require large quantity of powder samples and the synthesis steps were scaled up to 

obtain at least 1 mg of product.  

 First, we tested the effect of Ag+-mediation onto the conductivity of colloidal crystals. For 

the measurement, Ag+-mediated PAE colloidal crystals with 20 nm Au nanospheres and DNA 

anchor strands without PEG spacers were synthesized with n = 0 linkers (Table 5.1). The I-V 

characteristics of this sample exhibited clear linear characteristics, giving conductance of 

4.75×10-3 S (Figure 5.2b). Two control samples prepared: the identical colloidal crystals without 

Ag+-treatment, and Ag+-mediated colloidal crystals with PEG spacers near the thiol anchors 

(Table 5.1). The currents through the control samples were almost negligible as compared to the 

experimental group, resulting in conductance values of 1.5×10-10 S and 1.8×10-10 S, respectively 

(Figure 5.2b). Although there is no evidence for retaining crystalline form for the first control 

sample (Chapter 4) and the effect of residual NaCl from drying is not clear, the low conductivity 
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of the second control sample may be the contrast between Ag+-DNA and unmetallized DNA, 

emphasizing the enhanced conductivity by Ag+-insertion. The second control is important because 

it demonstrates the importance of spatial distance from the conductive nanoparticle core to the 

Ag+-DNA, as the PEG in the anchor region virtually forms insulating layers around the cores. 

 The effect of interparticle distances was also experimented by varying the length of DNA 

linkers. PAE colloidal crystals with 20 nm Au cores were synthesized with different linker strands 

(n = 0, 1, or 2, Figure 5.3a and Table 5.1), treated with Ag+, and prepared in powder forms as 

described above. The face-to-face interparticle distances were calculated from lattice parameters 

obtained by SAXS. The electric conductivities dropped exponentially with increasing interparticle 

distances (Figure 5.3b), from 1.4 S·m-1 (n = 0) to 8.5×10-4 (n = 1) and 1.1×10-5 S·m-1 (n = 2). This 

result confirms that the Ag+-DNA in between Au nanoparticles is not as conductive as metals, and 

may suggest hopping charge transport mechanism rather than band conduction model because the 

latter would result in an inversely proportional relationship between the conductance and length.  

 More drastic change was observed with the core sizes. In this experiment, 10, 15, 20, 30, 

40, 50, 60 and 80 nm Au nanoparticles were functionalized with, and assembled into crystal lattices 

with the same DNA system (Figure 5.4a). The conductivity of the Ag+-mediated PAE crystals 

with each core was observed to increase exponentially with increasing core diameter (Figure 5.4b), 

starting from 3.9×10-7 S·m-1 for 10 nm core and hitting the upper limit (~15 S·m-1), for core 

diameters larger than 30 nm. The measurements for highly conductive samples was limited by the 

contact resistances of the measurement system. This can be explained by the number of charge 

transport through the Ag+-DNA interconnects. The Ag+-DNA strands connecting two particles can 

be viewed as parallel resistors, and the arrays of these Ag+-DNA-interconnected particles can be 

viewed as a series of the parallel resistors. In this case, along charge transport path 



106 

 

Figure 5.3. (a) Schematic diagram for bcc PAE crystal lattices with increasing interparticle distance 
(DNA length), n = 0, 1, and 2 (Table 5.1) from top to bottom, respectively. The schemes were drawn to 
scale with the values from SAXS. (b) The measured conductivity plotted versus the interparticle distance 
for each sample. 
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Figure 5.4. (a) Schematic diagram for bcc PAE crystal lattices with increasing core diameters, 10 nm, 
40 nm, and 80 nm from left to right. The schemes were drawn to scale with reference values from SAXS. 
(b) I-V characteristics for all of the samples and (c) conductivity plotted versus the core diameters of 
each sample. The shaded area in (c) indicates the upper measurement limit of our setup mainly due to 
contact resistance. 
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over a microscopic length, the great number of strands in the parallel resistors is expected in larger 

particle systems, and the number of series resistors (interparticle charge transport) through the path 

must be inversely proportional to the lattice parameters. Both assumptions support the lower 

conductivity in colloidal crystals with smaller particles. 

 

5.4 Conclusions 

 The charge transport behavior of Ag+-DNA complexes was analyzed by means of two 

different experimental schemes, OWL-based molecular junctions and Ag+-stabilized DNA-

assembled colloidal crystals. Although the mechanistic understanding yet needs to be further 

discovered, the Ag+-DNA complexes showed orders of magnitude higher charge transport 

behaviors observed in both experiments, and thus, such systems as molecular wires and 

components for nanoparticle-based device architectures and next-generation electronic circuits. 

 

5.5 Experimental 

5.5.1 Materials 

AAO templates were purchased from Synkera and Whatman. A PVD 75 instrument (Kurt 

J. Lesker Company) was used for Ag and SiO2 deposition during OWL methodology and for Cr 

and Au for electrode patterns. Electroplating solutions were purchased from Technic Inc. (Techni 

Silver Cyless® II RTU for Ag, Orotemp 24 RTU for Au, and Nickel Sulfamate RTU for Ni). 

NaOH, FeCl3, acetone, and MHA were purchased from Sigma-Aldrich. Citrate-capped spherical 

Au nanoparticles with diameters from 10 nm to 80 nm were purchased from Ted Pella. Milli-Q® 

water was used in aqueous solutions and washing. FEI Quanta SEM was used for electrode 

patterning by e-beam lithography and Hitachi SU8030 FE-SEM was used for imaging.  
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 The electrical measurements were carried out by a Keithley 4200 SMU coupled with a ST-

500 Probe Station by Janis Research Company Inc. 

The sequence design, synthesis, and purifications of DNA were carried out in a similar 

manner as discussed in the previous chapter. The sequences used in this study is in Table 5.1. 

Table 5.1. DNA sequences used in this study. 

Conductivity Experiments DNA Sequences (5’ → 3’) 

37-mer HS– GGA CTCBr GAC TCC GGA CTCBr GAC TCC GGA CTCBr 
GAC TCC G –SH 

Thiol-modified DNA strands DNA Sequences (5’ → 3’) 
A without PEG TCA ACT ATT CCT ACC TAC –SH 
B without PEG TCC ACT CAT ACT CAG CAA –SH 

A with PEG TCA ACT ATT CCT ACC TAC (Spacer 18)2 –SH 
B with PEG TCC ACT CAT ACT CAG CAA (Spacer 18)2 –SH 

Linker strands DNA Sequences (5’ → 3’) 

A linker (n = 0, 1, or 2) GTA GGT AGG AAT AGT TGA (Block modular unit)n (Spacer 18) 
TTT CCT T 

B linker (n = 0, 1, or 2) TTG CTG AGT ATG AGT GGA (Block modular unit)n (Spacer 18) 
AAG GAA A 

Block strands DNA Sequences (5’ → 3’) 
Block modular unit (Spacer 18) TTA CTG AGC AGC ACT GAT TT 

Block duplex for linkers 
strands AAA TCA GTG CTG CTC AGT AA 

“Spacer 18” refers to the six ethylene glycol units with modified phosphoramidites, which were 
manufactured by Glen Research. 
CBr refers to C base modified with Br in the C5 in the pyrimidine (fullname: 5-bromo-2'-
deoxycytidine) 

 

5.5.2 Electrochemical Synthesis 

 First, a 250 nm thick Ag layer was deposited on one side of the AAO templates with pore 

diameter of 100 nm (SM100-50-25) by e-beam physical vapor deposition and used as the working 

electrode in a three-electrode electroplating configuration. Ag, Au, Ni, and Au was 

electrodeposited with respective precursor solution in order, with a Pt mesh as the counter 

electrode and an Ag/AgCl reference electrode. While the length of each segment was controlled 

by the amount of charge, the applied potentials were -980 mV for Au and -900 mV for Ag and Ni. 
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electrode and an Ag/AgCl reference electrode. While the length of each segment was controlled 

by the amount of charge, the applied potentials were -980 mV for Au and -900 mV for Ag and Ni. 
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Chapter 6 Conclusion and Future Remarks 
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“There's Plenty of Room at the Bottom,” is a famous quote by Richard Feynman (at the 

1959 American Physical Society meeting), a Nobel Laureate in Physics. During his distinguished 

career, he presented many inspiring ideas that were only possible if we can manipulate matters in 

tiny scales. By going small, we can integrate more information into a fixed volume (“the entire 

Encyclopædia Britannica on the head of a pin”). Feynman’s projection has inspired many 

scientists to reach the “Bottom” and to develop fundamental scientific understandings that drive 

real-world applications, such as the microscopies that allow us to examine the building blocks of 

life and integrated circuits that power the computers that have connected the world. 

DNA, one of the most information-dense molecules, have been introduced as a key 

component for “manipulation of matters in tiny scale” since it has been developed and deployed 

as programmable bonds for nanoparticle assemblies.2 Upon the findings of predecessors, my work 

has been conducted in pursuit of solution-processed device architectures composed of colloidal 

nanomaterials, which are more scalable than vacuum-involving procedures and controlled by 

thermal treatments with sharp melting transition.  

Specifically, as mentioned in the previous chapters, the DNA-mediated nanoparticle 

assembly is not constricted to processing nanoparticles composed of noble metals as most 

examples in this thesis, but it has already been demonstrated that nanoparticles from a variety of 

materials library can be functionalized and assembled in a similar manner.18 The next question 

must be how to make use of them, especially by enabling the charge transport through structural 

DNA scaffolds in between nanoparticles. For example, it is expected for the superlattices 

composed of quantum dots to exhibit superfluoroscence169 or thermoelectric effects170 if the charge 

and energy transport between the individual building blocks is not obscured, in addition to being 

semiconducting devices with tunable bandgaps by the core sizes.115 Also, single-particle 
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architectures for computing will be realized with the development of molecular wires and 

programmable assembly of smart nanomaterials. 

The photocatalytic effects of semiconducting nanostructures and their assemblies have 

been actively studied for chemical reactions, especially ones to solve important problems such as 

water splitting or CO2 reduction. The efficiency can be significantly enhanced with the use of 

conductive and programmable ligands between the individual building blocks composing the 

superlattices, as demonstrated by the works pioneered by Cha and others.157-160 The ideal system 

consist of periodic lattices for enhanced packing density and materials transport due to its high 

porosity,152 while having chemical and thermal robustness (Chapter 4) that allow it to withstand 

harsh reaction conditions.  

The optical properties of the DNA-assembled colloidal single crystals shaped in Wulff 

polyhedra have been extensively studied,9, 34 and given the ability to incorporate photoactive 

molecules precisely placed interstitial sites in the lattice,11 such structures have great potential for 

developing optical metamaterials and photonic crystals. The realization of the optical and photonic 

devices has been advanced within this thesis by developing reliable synthetic methodology 

(Chapter 3) and stabilization procedures without any perturbation by matrix properties (Chapter 

4).  

Additionally, the concept of selective functionalization can be extended to functionalize 

the negative curvatures in nanorings generated by coaxial lithography95 (Figure 6.1a). This 

selective functionalization techniques for two-dimensional cavities can be further used to build 

assembly structures (Figure 6.1b) which are hard to realize with any other existing methods. 
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Figure 6.1. (a) Schematic diagrams and respective electron micrographs for selective functionalization 
of template-synthesized nanoring surfaces, side barrels (top), top and bottom ends (middle), and inner 
faces (bottom). (b) Assembly of spherical nanoparticles selectively adsorbed and bound into the center 
of a nanoring. Scale bar: 50 nm. 
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 I would like to conclude this thesis with a favorite quote from a friend who answered my 

question pertaining to whether our science is really contributing to changing the world and making 

it a better place. 

“We nanoscientists are also changing the world, by one nanometer at a time.”  

– Dr. Monica Guan, a former Mirkin Group member 

I hope that the work introduced throughout this thesis contributes to the field at least in a small 

manner and inspires others to pursue similar goals. 
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Appendix A. Supplementary Images and Information for Chapter 2 

 

Figure A.1. Additional STEM micrographs for the directed assemblies of 20 nm Au nanoparticles onto 
the selectively functionalized barrels of Au nanorods.  
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Figure A.2. Additional STEM micrographs for the directed assemblies of 20 nm Au nanoparticles onto the 
selectively functionalized bases of Au nanorods.  
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Figure A.3. Additional STEM micrographs for the directed assemblies of 20 nm Au nanoparticles onto the 
selectively functionalized gaps of Au nanorod dimers.  
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Figure A.4. Additional STEM micrographs for the directed assemblies of 60 nm Au nanoparticles onto the 
selectively functionalized barrels of Au nanorods.  
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Figure A.5. Additional STEM micrographs for the directed assemblies of 60 nm Au nanoparticles onto the 
selectively functionalized bases of Au nanorods.  
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Figure A.6. Additional SEM micrographs for the substrate assemblies of 20 nm Au nanoparticles onto the 
DNA-functionalized Au nanorod: (a) without functionalization, (b) non-selective functionalization, and (c) 
selectively functionalization on the bases.  



137 

 

Figure A.7. Additional SEM micrographs for the substrate assemblies of 20 nm Au nanoparticles onto the 
DNA-functionalized Au nanorod dimers: (a) without functionalization, (b) non-selective functionalization, 
and (c) selectively functionalization in the gap.  
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Table A.1. Yields for the orthogonal functionalization of different faces of the nanowire and the 
gaps formed between two nanowires, in solution and when cast on a SiO2 substrate. Statistical 
analyses were based upon electron microscopy (Figure S4-10). 

 

In 
aqueous 
solution: 

ends 
20 nm 

In 
aqueous 
solution: 

Sides 
20 nm 

In 
aqueous 
solution: 

Gaps 
20 nm 

In 
aqueous 
solution: 

Ends 
60 nm 

In 
aqueous 
solution: 

Sides 
60 nm 

Assembly of DNA-
modified particles 

on rod ends 
functionalized with 

complementary 
DNA, when cast on 

a SiO2 substrate 

Assembly of DNA-
modified particles 
in gaps between 

rod dimers 
functionalized with 

complementary 
DNA when cast on 

a SiO2 substrate 

Total count 125 86 63 95 121 58 47 

Particles only 
on designated 

sites 
100 73 48 73 106 51 40 

Uncertain 20 11 7 3 11 7 7 

No particles 
around 5 2 8 19 4 0 0 

Yield 80% 85% 76% 77% 88% 88% 85% 
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Appendix B. Supplementary Figures for Chapter 3 

 

Figure B.1. Supplementary SEM micrographs of PAE colloidal crystals (20 nm Au nanoparticles and n = 
1 DNA linkers) assembled without quenching sublayer. The colloidal crystals have been false colored to 
distinguish from the silica debris. All scale bars: 1 μm.  
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Figure B.2. Optical micrographs showing the wide-angle view of assembled microcrystals with 20 nm 
Au nanoparticles and n = 1 DNA linkers, in (a) control and (b) quenched samples. Scale bars: 10 μm. 
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Figure B.3. Radially averaged one-dimensional SAXS patterns showing the same diffraction patterns 
(bcc) but different lattice parameters for the PAE systems studied. The parameters are tabulated in Table 
3.7.. 
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