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Abstract of the Dissertation 

 

Programmed assemblies of bioconjugated gold nanoclusters 
 

by 

Melissa Goodlad 

 

Doctor of Philosophy in Chemistry and Biochemistry 

University of California, Merced, 2023 

 

Monolayer-protected gold nanoclusters (AuNCs) are atomically precise 

assemblies less than 2 nanometers in diameter, giving them size-specific 

physical and chemical properties. This small size lends them to biosensing, 

electronics, optics, and biomedicine applications. The ligand monolayer 

contributes to the physical and chemical properties. Many nanomedicine 

applications require the conjugation of biomolecules into this ligand monolayer 

to interface with biological systems. While many bioconjugation strategies, 

DNA-based conjugations offer stability, functionality, and specificity. Thus, 

specific molecular recognition by DNA can be leveraged to target cell types and 

tissues. 

Moreover, this programmable specificity of base-pairing allows for the 

precise self-assembly of multiple nanomaterials. Despite the advantages of 

AuNC-DNA conjugates, a detailed study has not been undertaken into the 

experimental conditions that lead to successful and predictable ligand 

exchange outcomes. The ligand monolayer significantly contributes to the 

physiochemical properties of AuNCs and has an even greater impact on how 

AuNCs interface with biological systems. Thus for AuNC-DNA conjugates, a 

purification technique must be able to isolate AuNC-(DNA)n from AuNC-

(DNA)n±1. By isolating each conjugate species, it is possible to study how each 

conjugate interfaces with a biological system. Finally, an emerging area of 



 

 

xv 

 

 

interest is how AuNCs couple with other nanoscale components. For instance, 

the distance-dependent energy transfer between an AuNC and fluorophore 

would lend itself to future applications in biosensing and imaging. Coupling 

between AuNCs and other materials is sensitive to their relative position from 

each other. Thus, self-assembly methods capable of predefined geometrical 

arrangements and precise nanometer separation are needed. No publications 

meet these conjugation, isolation, and self-assembly needs in the AuNC field. 

The projects detailed within this dissertation hope to address these gaps. 

In Chapter 2, we leverage the small size of monolayer-protected Au25 NCs to 

enable polyacrylamide gel electrophoresis (PAGE) and densitometric analysis 

to characterize the distribution of AuNCs with discrete numbers of DNA 

ligands under different reaction conditions. We found that both AuNC and salt 

concentrations affect ligand exchange products and that the noncovalent 

interactions of DNA are a nontrivial and complex variable in these reactions. 

The DNA ligands' length and sequence affect the final conjugation products of 

such reactions. The complexity of noncovalent DNA interactions and their 

effect on final products is not inconsequential. In Chapter 3, we sought to 

develop a method that could isolate AuNC-(DNA)n from AuNC-(DNA)n±1 to aid 

in characterizing individual conjugate assemblies for downstream in vivo 

applications. We found ion-paired reversed-phased HPLC methods suitable for 

isolating and purifying the individual AuNC-DNA conjugates. After 

purification, the steady-state fluorescence studies that characterized the 

AuNC-DNA conjugates illustrated how differently an AuNC-(DNA)n can 

behave from an AuNC-(DNA)n±1. Chapter 4 demonstrates the first successful 

AuNC self-assembly with precisely controlled positions on a DNA origami 

template. These results demonstrate that by functionalizing the AuNCs with 

the oligonucleotides via the ligand exchange reaction and then using the 

purified mono-functionalized products, we can program the self-assembly of 

the AuNCs with nanometer precision.  

It is our hope that the work amassed here will further the field of AuNC 

applications. The specificity of DNA base-pairing combined with the stability 

of water-soluble thiolate monolayer-protected AuNC has significant 

potentialities. We have demonstrated the suitability of purified AuNC-DNA 

conjugates for self-assemblies. 
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Chapter 1 

Introduction 
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1.1. Gold nanoclusters 

 
Figure 1.1. (A) Schematic illustration showing the gold core surrounded by the ligand 
monolayer. (B) The number of atoms and band gap changes gold nanoclusters transition from 
molecular to metallic properties1.  

 
The earliest use of metal nanoparticles dates back centuries2. Gold and 

silver nanoparticles were used to stain glass for cathedrals, create iridescent 
glazes and create vibrant pigments. Despite these common applications, their 
true size was unknown until recently available imaging techniques. We now 
know that in addition to the striking colors seen in nanoparticle solutions, 
many other properties of bulk metals change drastically as their size decreases. 
Bulk metals are colorless and shiny, while metal nanoparticles show vibrant 
colors in aqueous solutions. The vibrant color seen in these aqueous solutions 
is due to the excitation of electrons in the conduction band, also known as 
plasmonic resonance. As these nanoparticles become quantumly small, <2 nm 
in diameter, they no longer have a continuous conduction band. Gold 
nanoclusters (AuNCs) instead exhibit molecular-like properties such as d–sp 
and sp–sp transitions, broad absorption, and fluorescence properties3. These 
monolayer-protected AuNCs comprise a gold core protected by an outer shell 
of gold atoms and ligands3,4.  
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Figure 1.2. (A) PAGE image of the 9 AuNC species isolated by Tsukuda et al. and (B) ESI-MS 
of each AUNC. The right panel shows deconvoluted mass spectra5. 

 
While the first AuNCs were documented in 1996, the polydispersity of early 

synthetic methods stymied their applications6. The first synthesis of AuNCs 
with a narrow size distribution between 1.5-3.5 nm provided the first distinct 
spectra for AuNCs with diameters less than 2nm7. Tsukuda and coworkers 
achieved an important milestone in synthesizing atomically precise 
nanoclusters by developing a kinetically controlled synthesis of Au25 clusters 
capped with phenyl ethanethiol in high yield8. For purification, they could 
characterize atomically precise gold nanoclusters using polyacrylamide gel 
electrophoresis (PAGE), and the individual AuNC species were confirmed with 
electrospray ionization mass spectrometry (ESI-MS), as seen in Figure 1.2.  

The high purity of the synthesized clusters allowed the growth of single 
crystals and the first X-ray crystallographic study9. In this paper, they 
determined the crystal structure of an Au102(p-MBA)44 to determine the nature 
of the bonding and packing of gold atoms. They determined that the Au102 
structure has an Au79 core with D5h symmetry. While MS can determine the 
identity of the AuNC, it is only possible to correlate the structure to the 
electronic properties by understanding the atomic packing and bonding 
between gold atoms and ligands. The X-ray crystallographic analysis of Au25 
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revealed the presence of an Au13 icosahedron core with 12 remaining gold 
atoms arranged along the ±x, y, and z axes of the core. The 18 thiolate ligands 
form a staple motif with the exterior Au atoms, as seen in Figure 1.3.a-c. This 
study was also able to correlate the Au25 crystal structure to its optical 
properties, as seen in Figure 1.3.d-e3. 

 

Figure 1.3. The correlation of the crystal structure of Au25(SR)18 to optical properties. (A) The 
metallic core of gold atoms (B) The ligand shell protecting the gold core (C) The Au-ligand 
interface (D) Kohn-Sham orbital energy level diagram for Au25(SH)18. The atomic orbitals of 
Au (6sp) in green, Au (5d) in blue, S (3p) in yellow, and all others in grey. (E) The theoretical 
absorption spectrum of Au25(SH)18¯ 3. 

 
These optical properties, combined with their small size, and functional 

surface, water-soluble AuNCs have also gained interest in nanomedicine for 
applications in bioimaging10–12, diagnostics, and therapies13–15. The ultra-small 
size of AuNCs makes them particularly well-suited for in vivo applications. The 
two main elimination pathways of metal nanoparticles (MNPs) from the body 
are the urinary and hepatic systems. A study used MNP 1.4-250 nm in size to 
determine their size-dependent toxicity. Larger gold nanoparticles had 
accumulated in different organs and showed poor degradation, which could 
induce acute toxicity16,17. The smaller size of the 1.4 nm AuNCs favored 
elimination and showed low toxicity 18.  
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AuNCs can be detected by several in vivo imaging techniques due to their 
photoluminescence (PL) that ranges from ultra-violet (UV) to the near-infrared 
(NIR) region19. AuNCs exhibiting PL in the NIR, 600 and 850 nm, 20–22. This 
presents an advantage for in vivo imaging in deep tissues. These AuNCs have 
reduced auto-fluorescence and improved penetration of light into the tissues23. 
One limitation to imaging with AuNCs is their low PL quantum yields (QY), 
with most having QYs less than 1%24. Researchers have been synthesizing 
AuNCs with higher QYs by using more rigid ligands25,26 or doping with other 
metals27,28. The Jin group at Carnegie-Mellon increased an AuNC QY to 40% 
by doping the gold core with 13 silver atoms27.  

The adaptable surface chemistry of AuNCs allows the incorporation of 
biocompatible ligands such as small organic molecules29,30, amino acids21 and 
peptides31,32 proteins33, and DNA34,35. These targeting molecules, such as folic 
acid, specifically interact with receptors at the surface of biomolecules. AuNCs 
conjugated to folic acid can target folate receptors overexpressed in cancer 
cells36–38. Such targeting AuNCs can in vivo imaging the biomolecules23,39,40. In 
the emerging field of theragnostics, where medical applications combine 
diagnostics with therapies, targeting AuNCs has been used for radio-41,42, 
photo-43,44, and chemotherapies45,46. 

When considering the available targeting ligands, DNA-based 
conjugations have several advantages over others. First, oligonucleotide 
bioconjugates are stable in temperature and pH fluctuations that would 
denature proteins. Second, synthetic DNA is relatively easy to manufacture 
and modify with various functional groups, such as fluorescent dyes, amines, 
and thiols. Third, DNA has high specificity for complementary base pairing, 
allowing for precise targeting and binding to complementary sequences. 

Moreover, DNA aptamers, sequences selected through Sequential 
Evolution of Ligands by Exponential Enrichment (SELEX), can specifically 
bind to small molecules, proteins, cells, and tissues47. Thus, specific molecular 
recognition by DNA can be leveraged to target cell types of tissues. In a NIR 
imaging study, researchers could image a tumor up to 8 hours post-injection 
using AuNCs conjugated to only a tumor-targeting peptide. When they used 
AuNCs conjugated to both peptide and tumor-targeting aptamers, the tumor 
could be imaged more than 48 hours post-injection45.  

There is great potential for AuNCs in these fields. The underdeveloped 
characterization of the conjugation process hinders the development of AuNC-
DNA in vivo applications. Understanding how DNA ligands are incorporated 
into the ligand monolayer allows us to build predictive models for yields and 
target interactions. Since the composition of the ligand monolayer significantly 
impacts the targeting ability and physicochemical properties of the AuNC, it is 
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also necessary to develop a purification technique that has the specificity to 
isolate and characterize these conjugates based on the number of conjugated 
biomolecules. Further, it is necessary to develop precise assemblies of AUNCs 
to characterize their coupling to biological interfaces and proximate 
nanomaterials. There are currently insufficient studies into AuNC 
bioconjugations, purification and self-assembly mechanisms to advance these 
materials. The research presented in this dissertation hopes to advance AuNC-
DNA conjugates on these three fronts. The remaining sections of this chapter 
will review the literature on AuNC thiolate ligand exchange reactions (LERs), 
bioconjugate purification techniques, and AuNC self-assemblies. 

 

1.2. Thiolate ligand exchange reactions 
There are two main techniques for creating a biocompatible AuNC ligand 

monolayer. The first is a direct synthesis with the ligand that will compose the 
ligand monolayer48,49. The second is post-synthesis conjugation via Click 
chemistry50, covalent attachment of biomolecules to the monolayer ligands51–
53, and LERs54. This bioconjugation allows AuNCs to be used as delivery 
systems44,45,55. LER that can conjugate AuNCs to thiol-functionalized 
biomolecules is a promising route. By attaching recognition elements, such 
bioconjugation would allow AuNCs to bind specific small molecules and 
biomolecules such as proteins, antibodies, or nucleic acids.  
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Figure 1.4. (A) The gold sites are labeled as (1) terrace core sites, (2) edge and near-edge core 
sites; and (3) vertice sites. (a) Exchange of vertice thiolates (3) with free thiols in solution; (b) 
Exchange of edge and near-edge thiolates (2) with free thiols in solution; (c) Exchange of 
terrace thiolates (1) with free thiols in solution; (d) Surface migration among vertice and edge 
thiolates; (e) Surface migration among edge and near-edge with terrace thiolates56. (B-D) 
Proposed ligand exchange process with thiol shown as energy behavior (B) and depicted as a 
sketch in the bottom panel (D). (C) Full rendering of the transition state (c) 57. 

 

Hostetler et al. were the first to characterize the dynamics of LERs of 
AuNCs with a thiolated monolayer56. By mixing AuNCs with a solution of new 
alkyl-thiol ligands, Hostetler replaced ligands from the AuNC monolayer 
(Figure 1.4.a.). These thiol-thiol LERs are particularly interesting due to the 
robustness thiolated monolayers impart to gold nanomaterials58. Since these 
first characterizations by Hostetler, further experiments have elucidated the 
binding mechanism, hybridization efficiency, and the role of nonspecific 
adsorption non-biological ligands57,59,60. Experimental and computational 
studies have shown that the LER is an associative (SN2) pathway57,61. 
Consistent with the SN2 pathway, these studies discovered heterogeneity 
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among the different surface sites (Figure 1.4.a-d). Exposed surface sites 
undergo ligand exchange more readily than more protected sites. Additionally, 
several studies revealed the dependence of LER kinetics on the molecular 
structures of ligands on AuNCs and free ligands62–66. 

 

Figure 1.5. (A) Monomeric and dimeric thiol ligand (R) staple motifs on the surface of AuNCs. 
(B) Schematic of AuNC LER with an antibody 61. (C) PAGE image of LER mixtures. Each lane 
contains 500 μM AuNCs and 50, 100, 150, 200, and 250 μM of 20-mer thiolated ssDNA ligands 
(from left to right). Each band above the bottom band representing excess AuNC indicates an 
additional DNA ligand. (D) PAGE image showing the difference in yield between a 20-mer 
ssDNA and AuNC LER and a 19-mer ssDNA ligand with a secondary structure67. 
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Scientists have used such LERs to modify the functionality of AuNCs. 
Rojas-Cervellera et al. determined that the ligand exchange mechanism for a 
cysteine modified antibody was the same as those initially proposed by 
Hostetler61. As seen in Figure 1.5.a-b., the thiol-thiol LER of the glutathione 
ligand and antibody is an SN2 reaction. AuNCs conjugated to proteins are 
susceptible to aggregation, or denaturation due to pH or temperature 
changes68. DNA-AuNC conjugates are more robust and less susceptible to 
these issues. Despite these promising characteristics, the two most extensive 
LER studies for AuNC-DNA conjugates were published almost two decades ago 
69,70. This early research focused on establishing the viability of AuNC-DNA 
conjugation via LERs. As seen in Figures 1.5.c-d., the studies established the 
stoichiometric relationship between DNA: AuNC ratios and the number of 
thiol-modified DNA ligands (LDNA) conjugated to each AuNC. A low ratio 
produced AuNC-DNA with a smaller load of LDNA per AuNC, and a high ratio 
led to higher average loads of LDNA per AuNC-DNA. To better understand 
this critical reaction, we sought to characterize what effect salt, AuNC 
concentration, DNA sequence, and length have on the LER. We specifically 
looked at how these affect the yield of AuNC-DNA conjugates. 

  



10 
 

1.3. Purification of AuNCs 

 
Figure 1.6. (A) AuNCs of different sizes were purified via gel extraction from a polyacrylamide 
gel. (B) Dialysis purification of AuNCs. The lower pathway shows challenges with oxidation 
and aggregation of unstable AuNCs. (C) Gel column purification of fluorescent AuNCs. AuNCs 
were excited with 365 nm irradiation. (D) Schematic showing ultracentrifugation purification 
of AuNCs71. 

 
 Characterizing LERs is an important first step in increasing the 
viability of AuNC-DNA conjugate applications. The ligand monolayer 
significantly contributes to the physiochemical properties of AuNCs, affecting 
optical25,72,73, stability29,74, and catalytic75 properties. Ligands also play a 
considerable role in how AuNCs interface with biological systems. As such, it 
is essential to characterize how incorporating DNA into the ligand monolayer 
will change the interfacing and physicochemical properties of the AuNC. 
Accomplishing this requires purification techniques to separate products from 
excess reactants and conjugate products based on the DNA load per AuNC. As 
discussed earlier, AuNCs are very promising for in vivo applications. Thus, it 
would be advantageous to pursue purification techniques that meet the 
scalability needs of clinical trials. 

Most AuNC purification techniques are sufficient for removing excess 
reactants but lack the specificity or resolution to distinguish the number of 
bioligands. Aggregation-based techniques rely on changes in pH or salt to 
reach the isoelectric of the bioligand, which induces a reversible aggregation71. 
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This technique would remove the excess AuNC, but excess biomolecules would 
also precipitate with the conjugates76. Molecular weight cutoff techniques such 
as dialysis or ultracentrifugation (Figure 1.6.b. and Figure 1.6.d.) would 
similarly only remove the excess ligand and AuNCs, but only if there was a 
sufficient size difference between the reactants and products77,78. All products 
would be grouped. SEC is close (Figure 1.6.c.), but there are smaller size 
differences between each products79,80. 

The most common method for isolating the AuNC-DNA bioconjugates by 
the number of DNA ligands is gel electrophoresis (GE)81–84. GE separates 
charged materials by moving them through a gel matrix in an electric field. 
Migration through the matrix depends on the materials' size, shape, and 
charge density. Small, highly charged materials migrate quickly through the 
matrix, while larger materials will travel more slowly. This technique 
visualizes the extent of bioconjugation to nanomaterials as well-resolved bands. 
These bands of bioconjugates can be extracted from the gel for later 
applications85–88. GE resolution is limited by the ability to visualize either the 
AuNCs or DNA in each band. Therefore, it is challenging to resolve DNA 
lengths below 50 bases81. These shorter, harder-to-resolve DNA lengths also 
have low gel extraction yields89–92. This can be a hindrance since precise 
programmed assembly often needs oligonucleotide lengths of 12-20 bases. The 
gel extraction process can be labor-intensive, time-consuming, and not readily 
scalable to the volumes necessary for large-scale production.  

High-performance liquid chromatography (HPLC) is a powerful 
analytical technique that separates compounds based on their difference in 
relative affinities for the mobile and stationary phases used. The variety of 
stationary and mobile phases available makes HPLC a versatile technique. 
Like GE, HPLC can separate bioconjugates by the extent of bio-ligand coverage. 
However, unlike GE, HPLC is scalable with improved resolution, 
reproducibility, and purity.    
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Figure 1.7. Interaction of an oligonucleotide with an ion-pairing reagent at the surface of a C18 
ligand attached to a silica stationary phase93. 

 
Due to the instability of early water-soluble AuNCs, the first HPLC 

methods applied to AuNCs focused on those with lipophilic ligand monolayers. 
These first methods focused on separations of differently sized AuNCs, but 
later methods achieved high-resolution separations of mixed-ligand AuNCs94–
99. The synthesis of stable water-soluble AuNCs suitable for biological 
applications makes HPLC a promising method for their purification. As with 
the lipophilic AUNCs, early methods have thus far focused on AuNC size 
separations100,101. As seen in Figure 1.8.b. Niihori et al. achieved a high-
resolution separation of Aun(Glutathionate)m clusters using an ion-paired 
reversed-phased (IP-RP) HPLC method101. IP-RP HPLC is a technique used to 
separate ionic compounds on a reversed-phased (RP) column. The surface of a 
RP stationary phase is hydrophobic. Without an ion-pairing reagent (IPR) in 
the mobile phase, the hydrophilic surface chemistry of water-soluble AuNCs 
has minimal interaction and poor resolution using RP methods. IPRs are 
generally alkylamines in an acidic solution, making them ionic and 
hydrophobic. The Coulombic interaction between the analyte and IPRs 
increases the analyte's hydrophobicity and adsorption capacity on a RP column.   

Using tertbutyl ammonium perchlorate as their IPR, Niihori et al. were 
able to separate several species of AuNCs between Au10(Glutathionate)10 and 
Au39(Glutathionate)24 with atomic precision (Figure 1.8.b.). They determined 
that smaller AuNCs eluted before larger AuNCs. In the presence of IPR, larger 
AuNCs with more anionic ligands become more hydrophobic and thus have 
longer retention times than smaller AuNCs (Figure 1.8.a.). 
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Figure 1.8. (A) Schematic showing the concept IP-RP PLC retention of water-soluble AuNCs. 
(B) Chromatogram showing the separation of Aun(SR)m species 101. (C-D) Separation of a 10-30 
mer oligonucleotide ladder using three different IPRs. (C) Mobile phase A: 100 mM TEAA, pH 
7. Mobile phase B: acetonitrile (D) Mobile phase A: 100 mM HFIP, 4.1 mM TEA, pH 8.4. Mobile 
phase B: methanol (E) Mobile phase A: 400 mM HFIP, 16.3 mM TEA, pH 7.9. Mobile phase B: 
methanol102. 

 

While HPLC is an emerging purification technique for AuNCs, it is used 
extensively to characterize and purify DNA. Due to DNA's strongly anionic 
phosphate backbone, IP-RP HPLC is typically deployed for these separations. 
Figure 1.7 shows that the IPR interacts with the oligonucleotide's charged 
phosphate group to form a hydrophobic pair. This field's extensive research has 
explored how liquid chromatography variables such as IPRs, temperatures, 
flowrates, stationary phases, and oligonucleotide modifications affect retention 
and resolution102–109.  

The two most common IPRs are a triethyl ammonium acetate (TEAA) for 
UV detection or a 1,1,1,3,3,3-hexafluoroisoproanol-triethyl ammonia (HFIP-
TEA) buffer for mass spectrometry detection. As seen in Figures 1.8.a-c., HFIP-
TEA buffers have superior selectivity than TEAA, and with higher 
concentrations, it is possible to achieve single nucleotide resolution 10-30 mer 
ladder.   

The successes of IP-RP HPLC in purifying oligonucleotides and AuNCs 
suggest that this technique could also be a powerful method for separating 
AuNC-DNA conjugates. There has been no report using HPLC to purify such 
conjugates. Since IP-RP methods have achieved single nucleotide resolution, it 
is reasonable to conclude it could also isolate AuNC-(DNA)n from AuNC-
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(DNA)n±1. The research presented in Chapter 3 explores the viability of such 
IP-RP isolations and presents an optimized method for the separation and 
purification of Au25(Captopril)17(DNA) and Au25(Captopril)16(DNA)2. 
Characterization of the isolated analytes indicates that the method is 
successful. We found marked differences between the Au25(Captopril)17(DNA) 
and Au25(Captopril)16(DNA)2 characterizations, which serves to illustrate how 
significantly AuNC-DNA applications are affected by the quantity of DNA 
ligands. 

1.4. Self-assembly of AuNCs 

 
Figure 1.9. Schematic showing the various mechanisms used to assemble metal 
nanoclusters110. 

 

One key advantage to AuNC-DNA conjugates is their capacity for 
programmed assembly. A significant challenge to the fabrication of 
nanomaterials their need for self-assembly. The base-pairing ability of LDNA 
means that they can be placed with nanometer precision if their 
complimentary sequence is used as a target. An emerging area of interest is 
how AuNCs couple with other nanoscale components or materials to enable 
novel properties unavailable with isolated AuNCs. For instance, the distance-
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dependent energy transfer between an AuNC and fluorophore would lend itself 
to future applications in biosensing and imaging. These energy transfer 
mechanisms are discussed in greater detail in the appendix. As the coupling 
interactions are highly sensitive to spatial organization, forming assemblies in 
which the AuNCs are positioned with organic dyes, nanoparticles, or other 
AuNCs with predefined geometrical arrangements and precise nanometer 
separation is essential.  

 Current methods of AuNC self-assembly can be broadly divided into 
template-free and template-directed. Template-free assemblies are facilitated 
by the properties of ligand monolayer. They are driven hydrogen bonding9,111, 
electrostatic interactions111 and van de Waals forces112. This type of self-
assembly is best suited for the self-assembly of nanomaterials such as 
nanowires, nanosheets and crystal structures. It is possible to incorporate 
other nanomaterials into their fabrication, but template-free assemblies 
cannot do so with distance precision or varied geometry.  

 Template-directed assemblies are facilitated by molecules such as 
polymers or biomolecules113,114 Templates are substrates with active sites that 
can selectively bind to AuNCs. These molecular organizations can induce the 
assembly of AuNCs to the template morphology. The ability to form these 
assemblies depends on the stability of AuNCs and template-AuNC 
morphologies and organizations113. DNA-templated assemblies have been used 
assemblies that incorporate other nanomaterials. DNA-templated copper 
nanoclusters (CuNC) have been used to create two-dimension DNA ribbons 
with precise distance separations115. DNA origami templates have been used 
to assemble many other nanomaterials and can achieve both the nanometer 
precision and the varied geometrical arrangements needed to study AuNC 
couplings. Despite these advantages DNA origami self-assemblies have not 
been applied to  AuNCs 116. This section will provide a more in depth look at 
the self-assemblies of DNA origami. 
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1.4.1 DNA origami  
1.4.1.1  DNA 
 

 
Figure 1.10. (i) The structure and base pairing of nucleotides (ii) The double helix structure of 
DNA 

 

Watson and Crick first discovered the double helix structure of DNA and 
solved the X-ray diffraction pattern of DNA crystals117. It comprises two 
strands that wrap around each other to form a double helix, as described in 
1953117,118. Each of the two strands is a linear sequence of nucleotide sub-units: 
adenine (A), guanine (G), cytosine (C), and thymine (T)119. An individual 
nucleoside has its base linked to the 1' carbon of deoxyribose (sugar). 
Nucleosides can form ester bonds with phosphates at the 3' and 5' carbons. 
Covalent bonds link one nucleotide's sugar with the next's phosphate, giving 
DNA its "sugar-phosphate backbone." The carbon number associated with the 
phosphodiester bond indicates the directionality of a single-stranded (ssDNA) 
sequence. 

Bases project this backbone into the center of the double helix, where it can 
pair with the bases on the opposing strand120. The chemical structure of the 
bases is such that they form hydrogen bonds with each other in a highly specific 
manner. It forms two hydrogen bonds with T, and C forms three hydrogen 
bonds with G.  Double-stranded DNA (dsDNA) comprises two complementary 
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ssDNA strands. When bonded, they form a double helix, held together by base 
pairs 119. The most common dsDNA helical conformation is the right-handed B-
helix, which makes a full turn every 10.4 base-pair (bps) or 3.4 nm. 
Energetically, it is highly favorable for two complementary strands to 
hybridize.  

1.4.1.2 DNA origami 
 

 
Figure 1.11. Schematic showing the folding process of DNA origami121 

 
The specific base-pairing described in the preceding section underpins 

the field of DNA nanotechnology. Base-pairing provides a programmable 
methodology for the bottom-up fabrication of complex nanostructures, where 
each strand of DNA behaves as a programmable unit. In 1982 the first DNA 
lattice nanostructure was theorized and later realized by Seeman122. Since this 
first structure was realized, the field created octahedral, tetrahedral, 2D, and 
3D assemblies 123–127.  

In 2006, Rothemund published his study on DNA origami. He developed 
a method of creating shapes and patterns using a single long strand of DNA 
and a set of short strands called "staples"128. The typical scaffold for DNA 
origami is a circular ssDNA obtained from a bacteriophage (M13mp18). The 
set of staples determines the final shape adopted by the scaffold. Each staple 
strand binds to two or more scaffold sections, pinning them together. To create 
a flat DNA origami tile, it is necessary to place these crossovers at two proximal 
points of the helices every 1.5 turns, as seen in Figure 1.11.b. When designing 
the crossovers, it is assumed that 1.5 turns occur every 16 bases. Since this is 
not strictly true, one base pair must be deleted every 64 bases. Otherwise, the 
tile will twist. It is possible to place targeted insertions and deletions of base 
pairs in the staple set to create DNA origami with curvatures129. Using these 
design principles, other groups have created various 2D shapes 123,128,130–133, 
dolphins134, and complex curvatures135, such as flasks135, a Mobius strip136,137 
or spheres138. Examples can be seen in Figure 1.12. 
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Figure 1.12. (A) is a selection of single layer 2D DNA origami designs (B) is a selection of 3D 
DNA origami designs 3D 123,128,130–134,138. All scale bars are 50 nm. 

 
1.4.1.3 DNA origami 
 

 
Figure 1.13. Schematic showing the assembly of biofunctionalized nanoparticles on a DNA 
origami surface139. 
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Given that 200+ staples can be modified to act as a binding site, DNA 
origami is a versatile programmable breadboard for placing nanoscale objects 
with nanometer precision 128. Many techniques have been developed for 
conjugating molecules or particles to DNA70,140–144. Extending a staple with the 
complement of that conjugated sequence makes it possible to assemble an 
array of materials on one DNA origami. DNA origami has been used as a 
template for site-specific binding of metallic nanoparticles145–148, quantum 
dots149, fluorophores150, and carbon nanotubes151. It has since become common 
to attach gold nanoparticles (AuNPs) to origami structures, linking the AuNPs 
to DNA via a thiol bond21.  

Purified AuNC-DNA conjugates can be assembled on a DNA origami 
surface similarly. In Chapter 4 of this dissertation, we achieve the first AuNC-
DNA origami self-assemblies. We can characterize these assemblies using 
steady-state fluorescent measurements by achieving precise separation 
distances from a fluorescent dye. 

 

1.5. Scope of dissertation 
AuNC-DNA conjugates are promising materials for imaging, sensing, and 

theragnostics. While reports of such bioconjugates were first published nearly 
20 years ago, no publications have furthered their application since that time. 
Given the gaps in advancing these materials in the AuNC field, an in-depth 
understanding of the conjugation process is needed. The sensitivity of AuNC 
properties to the composition of their monolayer will also make it necessary to 
characterize AuNC-DNA conjugates by the number of LDNA incorporated into 
the monolayer. This requires sensitive, scalable purification techniques. 
Moreover, to better utilize and characterize the coupling properties of AuNCs, 
self-assembly techniques need to achieve precise geometric arrangements. The 
work presented in this dissertation hopes to address these gaps. 

Chapter 2 of this dissertation uses PAGE and densitometric analysis to 
characterize AuNC LERs between the captopril monolayer and thiolated DNA. 
We determined that salt concentrations and the stoichiometric ratios of DNA 
to AuNC affect the overall yield and the number of discrete LDNA per AuNC. 
Our analysis also indicates that the noncovalent interactions between LDNAs 
play a role in yield and LDNA load per AuNC. In Chapter 3, we investigate IP-
RP HPLC as a method for isolating AuNC-(DNA)n from AuNC-(DNA)n±1. We 
conjugated AuNCs to Cyanine5 (Cy5) functionalized DNA to demonstrate their 
suitability for self-assembly applications. We used steady-state fluorescence 
spectroscopic studies to characterize the AuNC-Cy5 conjugates. These 
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spectroscopic results demonstrated that our IP-RP HPLC method has 
successfully isolated the mono- and di-conjugates. Finally, Chapter 4 presents 
the first AuNC DNA origami self-assemblies. Here we placed multiple AuNCs 
at different precise distances from a fluorescent dye. Steady-state fluorescence 
spectroscopy measurements demonstrated the annealing kinetics with a 
decrease in relative fluorescence proportional to the number of fAuNCs relative 
to Cy5 over time. By presenting this research, we hope to advance the field of 
AuNC-DNA conjugate applications. 
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1.7. Appendix 

1.7.1. Energy transfer 

 
Figure 1.1. A schematic comparison of the (A) FRET and (B) NSET mechanisms 

Energy transfer is a non-radiative distance-dependent energy transfer from 
a donor to an acceptor1–3. The donor is typically an excited fluorophore, while 
the acceptor can be a variety of materials, such as lower-energy fluorophores, 
quenchers, or metal nanomaterials. Energy transfer results in the reduction of 
fluorescent emission of the donor and, if paired with a lower-energy 
fluorophore, an emission from the acceptor. Energy transfer has been used 
extensively to monitor in vitro and in vivo processes such as diffusion 
dynamics, cellular membrane dynamics, and DNA hybridization4–8. Energy 
transfer studies dependent on coupled fluorophores are limited to smaller 
separation distances9. Initial studies have indicated that AuNCs can 
potentially have a significantly larger detection range than traditional FRET 
pairs10–12. Combined with their small size, low toxicity, and photostability 
AuNCs could greatly expand the utility of energy transfer applications. In this 
section, we review both Förster resonance energy transfer (FRET) and 
nanosurface energy transfer (NSET) to understand coupling mechanism of 
AuNCs better. 

 
1.7.1. Förster resonance energy transfer (FRET) 

 

A. FRET

B. NSET
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The first published observations of what we would now consider 
fluorescence energy transfer (FRET) occurred over 100 years ago. Researchers 
excited a mercury vapor in the presence of thallium and observed that it was 
the thallium that fluoresced13. Several similar experiments with additional 
publications afterward attempted to explain the phenomenon throughout the 
1920s. Of these, Jean Batiste Perrin published a theory closest to the FRET 
model. The most critical error of his theory is that it relied on an exact 
resonance between donor and acceptor. His son made the next theoretical 
advance in 1933 by incorporating the need for overlapping spectra between the 
donor emission into his father's model. The continued reliance on exact 
resonance between donor and acceptor overestimated the transfer efficiency14. 
Förster's theory was able to tie this spectral overlap with a quantum 
mechanical treatment of collisions that dismissed the need for an exact 
resonance. His theoretical model is consistent with the experimental distance 
dependence and efficiency of previously published data15. The FRET energy 
transfer rate is expressed with Equation 1.1. 

𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 = 9000(𝑙𝑙𝑙𝑙 10)𝜅𝜅2𝛷𝛷𝐷𝐷
128𝜋𝜋5𝜂𝜂4𝑁𝑁𝐴𝐴𝑑𝑑6𝜏𝜏𝐷𝐷

𝐽𝐽(𝜆𝜆)          (1.1) 

The variables and units for the FRET equations are summarized in Table 1.  

Table 1.1. Summary of variables and units for FRET equations. 

Variable  Value Unit 
ΦD the quantum yield of door   
η refractive index 1.33  
d separation distance  Å 

NA Avogadro's number 6.022 × 1023 𝑚𝑚𝑚𝑚𝑚𝑚−1 
τD donor lifetime  s 
κ orientation factor 2/3  
𝐽𝐽(𝜆𝜆) Overlap integral  𝑀𝑀−1𝑐𝑐𝑐𝑐−1𝑛𝑛𝑛𝑛4 
𝑅𝑅0 Förster's distance  Å 

 

The value of κ can vary from 0 to 4 depending on whether the relative 
between donor and acceptor dipole orientation is perpendicular or 
parallel. κ = 2/3 is the generally agreed upon and commonly used value for 
FRET experiments conducted in solution 15. The value of η is the refractive 
index of water. The spectral overlap, 𝐽𝐽(𝜆𝜆), is expressed in Equation 1.2: 

𝐽𝐽(𝜆𝜆) = ∫ 𝑓𝑓𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑(𝜆𝜆)𝜀𝜀𝑎𝑎(𝜆𝜆)𝜆𝜆4𝑑𝑑𝑑𝑑
∞
0            (1.2) 

where 𝑓𝑓donor(λ) is the normalized fluorescent emission of the donor, and εA(λ) is 
the normalized absorption spectrum of the acceptor.  The Förster's distance (𝑅𝑅0) 



36 
 

is the critical distance at which spontaneous emission and energy transfer are 
equally probable. Therefore, to solve for 𝑅𝑅0 we set 𝑘𝑘𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹  equal to 𝜏𝜏𝐷𝐷−1, which 
gives us Equation 1.3: 

𝑅𝑅0 = �9 (𝑙𝑙𝑙𝑙 10)𝜅𝜅2𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
128𝜋𝜋5𝜂𝜂4𝑁𝑁𝐴𝐴

𝐽𝐽(𝜆𝜆)�

1
6

           (1.3) 

 

FRET is now a ubiquitous tool for studying biological systems, but it 
took decades after Förster's published theory for it to be incorporated into such 
studies. 1991RET was used as a spectroscopic ruler in living cells to study 
signaling pathways16. FRET is now used in various microscopy and imaging 
techniques to examine single molecule interactions to whole tissues for 
diagnostics5,17–19.  

There are limitations to the applicability of FRET probes. The most 
significant is the limited separation distance between FRET pairs. FRET 
imaging techniques typically have high signal-to-noise ratios. Most FRET 
pairs are limited to distances of 10 Å, which limits their use in studying 
macromolecular systems. Most molecular fluorophores used in FRET assays 
have small Stokes shifts, making them susceptible to self-quenching behavior 
at high concentrations20. AuNCs show promise in addressing some of these 
limitations. 

 

1.7.2. Nanosurface energy transfer (NSET) 
 

Nanosurface energy transfer (NSET) is a mechanism similar to FRET. 
Where FRET is the coupling between two oscillating dipoles, NSET is the 
more efficient coupling between an oscillating dipole and the conduction 
electrons of an accepting metal. The NSET model is an extension of one 
developed by Persson and Lang to describe the damping of the rate of vibration 
due to the excitation of electron-hole pairs in the metal 21. The rate of energy 
transfer (kET) is roughly proportional to the interaction elements of the donor 
and acceptor, where a point dipole will have a distance-dependent interaction 
of 𝑑𝑑−3, and a 2D surface will have a distance-dependent interaction of 𝑑𝑑−1. 
Thus, NSET has a distance-dependent rate of 𝑑𝑑−4, and FRET has a distance-
dependent rate of 𝑑𝑑−6. Their energy transfer rate is summarized by Equation 
1.4: 
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𝑘𝑘𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  0.225 𝑐𝑐3𝛷𝛷𝐷𝐷
 𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑

2 𝜔𝜔𝐹𝐹𝑘𝑘𝐹𝐹𝑑𝑑4𝜏𝜏𝐷𝐷
           (1.4) 

 
Table 1.2. Summary of variables and units for NSET equations. 

Variable  Value Unit 
c speed of light 3.00 × 108 𝑚𝑚 ∙ 𝑠𝑠−1 

ΦD quantum yield   
d separation distance  𝑚𝑚 

𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑  angular frequency of donor 
emission  𝑠𝑠𝑠𝑠𝑠𝑠−1 

𝜔𝜔𝐹𝐹 Fermi frequency of the metal 1.2 × 1010 𝑚𝑚−1 
𝑘𝑘𝐹𝐹 Fermi wave vector of the metal 8.4 × 1015 𝑠𝑠−1 
τD donor lifetime  s 
𝑑𝑑0 critical distance  𝑚𝑚 

 
The variables for the NSET equations are summarized in Tables 27,21,22. The 
critical distance (𝑑𝑑0) is the separation distance at which the energy transfer 
efficiency equals 50%. It can be calculated from Equation 1.5.  
 

𝑑𝑑0 = �0.225 𝑐𝑐3𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑
𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑
2 𝜔𝜔𝐹𝐹𝑘𝑘𝐹𝐹

�
1/4

            (1.5) 

 In 2006, Strouse et al. confirmed that NSET is the energy transfer 
mechanism between 1.5 nm AuNCs and fluorophores. In this experiment, they 
successfully used separation distances up to 23.2 nm to probe the validity of 
the NSET model 7. This is more than twice the typical distance limit of FRET 
pairs. The easily conjugatable surface of AuNCs led to quickly incorporating 
this new tool into biological studies. In 2008 it was used to study how 
ribonucleic acid (RNA) folds in the presence of Mg2+ ions23. It has since been 
used in biosensing, imaging, and detecting24–26. One of the most recent studies 
has been combined with a FRET acceptor to triangulate viral gene replication 
in living cells27. 

Energy transfer efficiency is the fraction of photon energy absorbed by 
the donor and transferred to the acceptor3. It is a fundamental parameter used 
to express the proximity of the donor and acceptor in an energy transfer system. 
If kET is the rate of energy transfer from a single donor to a single acceptor, the 
ET efficiency for a system with a single donor and multiple acceptors can be 
expressed as: 

𝐸𝐸 =  
∑ 𝑘𝑘𝐷𝐷→𝐴𝐴𝑖𝑖𝑖𝑖

∑ 𝑘𝑘𝐷𝐷→𝐴𝐴𝑖𝑖𝑖𝑖 + 𝑘𝑘𝐷𝐷0
              (1.6) 
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𝑘𝑘𝐷𝐷→𝐴𝐴𝑖𝑖 =  𝑘𝑘𝐷𝐷0 �
𝑑𝑑0
𝑑𝑑
�
𝑛𝑛

               (1.7) 

where 𝑘𝑘𝐷𝐷→𝐴𝐴𝑖𝑖 is the ET rate between the donor and a single acceptor, 𝑘𝑘𝐷𝐷0 is the 
decay rate of the donor in the absence of an acceptor. The "n" in equation 1.7 
depends on which ET mechanism is employed; n=4 for NSET and n=6 for FRET. 
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Chapter 2 

Ligand Exchange Reactions of 
Thiolated DNA on Monolayer 
Protected Gold Nanoclusters 
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2.1. Introduction 
The ligand monolayer contributes to the physical and chemical properties 

of AuNCs1. These properties determine the suitability of AuNCs for delivery 
and sensing applications. To impart these properties to the AuNCs, LER that 
can conjugate AuNCs to thiol-functionalized biomolecules is a promising route. 
AuNC-DNA conjugates are of particular interest for constructing self-
assembled materials. The specificity of nucleic acid base-pairing allows for the 
programmed assembly of multiple nanomaterials on a single platform. 
Therefore, LERs incorporating thiol-modified ssDNA into the AuNC monolayer 
would serve as a promising route toward programmable self-assembly of 
AuNCs into multifunctional materials 2,3.  

Despite the promise of AuNC-DNA materials there has been little research 
into how variables such as stoichiometric ratios and salt concentrations affect 
yields. To date there have only been two studies that tested the viability of 
such LERs 4,5. One of the challenges specific to DNA LER studies is that the 
DNA ligand is a bio-polymer with substantially more significant nonvalent 
interactions with AuNCs and each other. E.g., the sequence-specific properties 
that make DNA well-suited for self-assembly applications mean that each 
sequence could behave differently in the LER. Hence the behaviors of LERs 
between DNA ligands and monolayer-protected AuNCs cannot be readily 
extrapolated from those between small molecule ligands and AuNCs. 

On the other hand, the surface functionalization of gold nanoparticles 
(AuNP) with thiolated DNA ligands has been extensively studied. Those 
studies established how DNA sequences affect conjugation yields, stability, 
and surface coverage6–10. However, insights from those studies may not be 
easily extrapolated to LERs involving atomically precise AuNCs and DNA 
ligands as those studies focus on larger nanoparticles (5 nm or larger) capped 
with more labile ligands such as citrate and phosphine, where the interactions 
between DNA ligands and the surface of AuNP are likely substantially 
different.  

To fill the gap in the mechanistic understanding of thiolated DNA LERs on 
monolayer-protected AuNCs, here we leverage the small size of monolayer-
protected Au25 NCs to enable PAGE and densitometric analysis to characterize 
the distribution of AuNCs with discrete numbers of LDNA under different LER 
conditions. We determined that both AuNC and salt concentrations affect 
ligand exchange products. The highest yields of AuNC-DNA conjugates were 
achieved with high ratios of AuNC to DNA. The DNA load per conjugated 
AuNC was maximized with a low AuNC to DNA with conditions that 
minimized electrostatic repulsion between anionic oligonucleotide sequences 
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and AuNCs. The highest yields of monoconjugates can be achieved in salt-free 
solutions with high AuNC-to-DNA ratios. Our results show that yield and 
loading vary with DNA sequence. There is some evidence that noncovalent 
interactions play a role in the DNA load per conjugate. The poly-thiamine 
sequence was an interesting outlier under all LER conditions and should be 
investigated further. Hopefully, the insights in this chapter will provide the 
groundwork for advancing AuNC-DNA conjugation research. 

 

2.2. Methods and materials 

2.2.1. DNA preparation 
Table 2.1. Summary of DNA sequences used in experiments. 

Description 
Name 

DNA Sequence and Modifications 
Length 

Thiolated 16 
mer ssDNA  

M16 
5’ – thiol – C6 – TTTT TTGG GCGG TTGG – 3’ 16 mer 

Thiolated 
poly 
thiamine 
ssDNA 

Poly-T 

5’ – thiol – C6 – TTTT TTTT TTTT TTTT – 3’ 
16 mer 

Thiolated 29 
mer ssDNA 

M29 
5’ – thiol – C6 – TTTT TGCA TGAC GAGT GCCT CATC G – 3’ 

29 mer 

Thiolated 48 
mer ssDNA 

M48 5’ – thiol – C6 – TTTT TTGG GCGG TTGG TTTT TTGG GCGG 
TTGG TTTT TTGG GCGG TTGG – 3’ 48 mer 

 

All oligonucleotide sequences were purchased from Integrated DNA 
Technologies (Coralville, IA). The sample arrived lyophilized in disulfide form 
and was then reconstituted to 200 μM with ultrapure water from the 
Barnstead Nanopure system (Thermo Fisher Scientific, Houston, TX, US). The 
DNA sequences used in these experiments are summarized in Table 2.1. 

We reduced the disulfide form to the thiol form needed for the AuNC 
ligand exchange by mixing the TssDNA with Tris (2 carboxyethyl) phosphine 
hydrochloride (TCEP) (Thermo Fisher) in a 200 µL PCR tube in a 1000:1 TCEP 
to DNA ratio. The PCR tube was backfilled with nitrogen gas and vortexed for 
30 minutes. The reduced TssDNA was purified using a 3 kDa molecular cutoff 
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filter (Sigma Millipore, St. Louis, MO, US). The TCEP/TssDNA solution was 
added to the filter, filled to 450 µL, and spun for 30 minutes at 14,000×g. We 
repeated these steps three times. 250 µL was added and spun for 5 minutes at 
14,000×g for the final solvent exchange. After the last spin, the filter was 
inverted and centrifuged at 10,000×g for 5 minutes. Multiple solvent exchange 
steps are necessary to remove any remaining TCEP; otherwise, it will degrade 
the AuNC in the ligand exchange step. The final TssDNA concentration was 
determined using a NanoDrop™ ND-1000 spectrophotometer (Thermo Fisher 
Scientific). 
 

2.2.2. Gold nanocluster synthesis 

Au25(Captopril)18 samples were synthesized and characterized by the 
Jin research group according to methods described in a previous publication11. 
HAuCl4∙3H2O (78.7 mg) and TOABr (126.8 mg) were stirred vigorously in 10 
mL of methanol. After 20 minutes, 5 mL of methanol containing 217.2 mg of 
captopril was injected into the solution. After 30 minutes, 2 mmol of NaBH4 
was added, and the solution was mixed for another 8 hours. The mixture was 
then centrifuged, and the AuNCs were precipitated with a methanol extraction.  
 

2.2.3. Preparation of DNA-conjugated gold nanoclusters 

First, ultrapure water was added to PAGE purified and desiccated 
AuNCs. The AuNC solution concentration was determined using Nanodrop 
and the extinction coefficient at 310 nm, ε310 =3.6 × 104 M-1 cm-1. Next, 50 μL 
ligand exchange solutions were made with ssDNA, AuNCs, and NaCl in a 200 
µL PCR tube. All LER solutions were made with a final concentration of 5 µM 
ssDNA. The corresponding ratios of ssDNA to AuNC and salt concentration 
are indicated in the figures. The PCR tube was then backfilled with nitrogen 
gas and vortexed gently overnight.  
 

2.2.4. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) imaging of gold nanoclusters was 
carried out using a Talos F200C G2 transmission electron microscope 
operating at 200 kV in UC Merced Imaging and Microscopy Facility. Typically, 
4-5 µl of the sample was deposited onto an Argon plasma-treated 
formvar/carbon-coated (copper mesh) grid (Ted Pella, Inc., Redding, CA, USA; 
prod no. 01753-f) for up to 5 min. The excess liquid was then blotted off, and 
the grid was washed and stained using a 2% aqueous uranyl formate solution 
and let dry overnight. ImageJ software was used to measure the diameter of 
the AuNCs. 
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2.2.5. Polyacrylamide gel electrophoresis (PAGE) 

PAGE experiments were carried out using Enduro Vertical Gel 
Electrophoresis System (Labnet, Edison, NJ, US) with 10 ×  10 cm Novex 
Wedgewell 10%-20% Bis-tris gels. 8 μL of glycerol was added to 20 μL of ligand 
exchange solution and controls. Samples were run at 80 V for 220 minutes in 
1×TBE buffer (Thermo Fisher Scientific). In addition, the gel was stained with 
10 μL of SYBR Green II 10,000× stain (Invitrogen, Thermo Fisher Scientific, 
Houston, TX, US) in 100 mL 0.5× TBE buffer for five minutes. It was then 
visualized on an Ultra Slim transilluminator (New England BioGroup, 
Atkinson, NH, US) with a 470 nm wavelength blue light.  
 

2.2.6. Dynamic light scattering (DLS) measurements 

All DLS experiments were performed using a Malvern Zetasizer Nano-S90 
(Malvern Instruments Ltd., Malvern, UK). The hydrodynamic diameters of the 
AuNCs and fAuNCs were measured at a 50 µM concentration in a 250 mM 
NaCl solution. Measurements were taken in a 50 µL cuvette using a laser 
wavelength of 633 nm, a scattering angle of 90°, a room temperature of 25°C, 
and an accumulation time of 100 sec.      

                                                              

2.3. Results and discussion 
Our goal for this chapter was to provide a detailed characterization of LERs 

involving thiolated oligonucleotides and AuNCs. We can broadly divide the 
work into two parts. The first examines fAuNC yields and ligand speciation for 
four oligonucleotide sequences under varied salt and AuNC concentrations. We 
found the sequence to be a surprisingly significant determinant in yield and 
speciation. The second section investigates whether the initial findings can be 
justified with cooperative binding models. We found that the oligonucleotide 
sequence determines the ligands' cooperativity; the higher the cooperativity, 
the more diverse the fAuNC population.  

 

2.3.1. Ligand exchange reactions (LERs) produce AuNCs 
conjugated with discrete numbers of ssDNA ligands. 

The Au25(Captopril)18 clusters used in these experiments were synthesized 
and characterized by the Jin Group at Carnegie-Mellon. These nanoclusters 
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are water-soluble, stable at temperatures up to 80 °C, and stable under salt 
and pH changes12. We characterized AuNC size with TEM and analyzed the 
size distribution using ImageJ software. According to the histogram’s 
Gaussian fit seen in Figure 2.1.b, the average size of the AuNCs is 1.09 ± 0.36 
nm. These results agree with previously published papers studying Au25 
clusters 13.  

We first characterized the LER between AuNCs and thiolated ssDNA 
using PAGE. Gel electrophoresis (GE) is a widely used technique to 
characterize the bioconjugation of nanomaterials. This technique uses a gel 
matrix and electric field to separate mixtures by mass, shape, and charge. 
Highly charged small molecules travel more quickly through the matrix, while 
larger, less charged molecules travel more slowly. For an oligonucleotide 
bioconjugation, attaching each additional ssDNA ligand to a nanoparticle 
increases its effective size and slows its electrophoretic mobility through the 
gel. Zanchet et al. were the first to demonstrate that GE could isolate discrete 
bioconjugation products14. Using agarose gel and AuNPs bioconjugated with 
thiolated oligonucleotides, their study showed that each band represented 
AuNPs with a specific number of DNA-ligands. Importantly, non-thiolated 
ssDNA did not produce bands other than that of the AuNPs, suggesting that 
the ligands on AuNCs effectively reduce interactions between non-thiolated 
ssDNA and gold. They also eliminated the possibility that these bands were 
the product of AuNP dimers and trimers using TEM. The conclusion is that 
each discrete band in the gel represents a product of bioconjugation and cannot 
be attributed to either AuNPs or ssDNA14. A later publication by Ackerson et 
al. performed a similar experiment, this time with AuNCs and PAGE. This 
group again found that bands represented AuNC bioconjugation products with 
specific numbers of DNA-ligands5.   

For the LER in Figure 2.1.a., we mixed 18 µM of the M16 
oligonucleotides with 180 µM of AuNCs in 200 mM NaCl and vortexed the 
solution overnight. In Figure 2.1.a. Lane 2, we can see the LER resulted in 
fAuNCs with 1, 2, and 3 LDNA. fAuNCs with a single LDNA (fAuNC-( LDNA)) 
appear above the excess ssDNA and fAuNC-( LDNA)3 appear near the top of 
the gel image.   

We further characterized the LER products using DLS to measure the 
hydrodynamic diameter of the fAuNC-LDNA conjugates (Figure 2.1.a.). The 
LER used to produce the conjugates was a 1:10 TssDNA to AuNC with no 
additional salt, which previous experiments have shown to produce fAuNCs 
with a single LDNA. The hydrodynamic diameter of the AuNCs was measured 
to be 1.6 nm, and the expected length of a 16-mer oligonucleotide would be 
3.94±1.41 nm. The hydrodynamic diameter of the conjugates was measured to 
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be 6.7 nm, which agrees with our predictions given the variability of the ssDNA 
length in the solution. 

 

 

Figure 2.1. Initial characterization of AuNCs and LER. (A) True color photograph of 10%-
20% polyacrylamide gel electrophoresis (PAGE) of 16-mer thiolated ssDNA (TssDNA)/AuNC 
conjugates. Lane 1. 16-mer thiolated ssDNA (TssDNA) Lane 2. Products of 16-mer TssDNA 
and AuNC ligand exchange in 0.1M NaCl. The appearance of discrete bands indicates the 
conjugation of a defined number of TssDNA attached to the AuNCs. (B) Histogram of AuNC 
size. 
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2.3.2. The distribution of LERs per AuNC is influenced by DNA: 
AuNC molar ratio, salt, length, and sequence of DNA 
ligands. 

In the following experiments, we sought to determine the effects of salt, 
DNA: AuNC ratio, and oligonucleotide sequence on fAuNC yields and ligand 
speciation. We compared the LERs of four oligonucleotide sequences at various 
salt and AuNC concentrations. We chose sequences that included a 16-mer 
poly-thiamine sequence and 16-, 29-, and 48-mer thiolated mixed base 
oligonucleotide sequences, referred to as PolyT, M16, M29, and M48, 
respectively. The exact sequences are summarized in Table 2.1. The LER 
conditions evaluated for each sequence were 0-200 mM NaCl solutions with 
ssDNA to AuNC ratios of 1:2, 1:5, and 1:10. The concentration of DNA in each 
LER was 5 μM. Early experiments determined that equilibrium for the LER 
was reached with an hour of mixing, so overnight vertexing of the LER 
solutions was more than sufficient to reach equilibrium for all sequences. We 
visualized the DNA gel migration using Sybr Green II excited at 420 nm on a 
transilluminator. Gel images were recorded as true color photographs. 

Gel densitometry is a quantitative measurement technique often used 
to correlate optical density to biomolecule concentrations15,16. We applied this 
technique to quantify fAuNC: (LDNA)n concentrations using Image Studio™ 
Lite software. Syber Green II (SGII) and AuNCs fluoresce when excited at 420 
nm. We found that the AuNC signal did not contain any green pixel data, while 
the SGII had a red-to-green pixel ratio of 1:2. Therefore, we filtered our data 
only to include “green” pixels to eliminate the pixels corresponding to AuNC. 
Therefore, the pixel density of each LER band represents the concentration of 
LDNA. fAuNC-(LDNA)n concentrations for each discrete band were 
determined by dividing the total LDNA concentration by the number of LDNAs 
conjugated to AuNC. Total fAuNC concentration is the sum of all fAuNC-
(LDNA)n concentrations. In Figure 2.2., we have summarized the fAuNC 
concentrations for each ligand exchange reaction condition. 

We found the low yields of PolyT LERs to be the most surprising results. 
The only PolyT LER to produce visible PAGE results was 200 mM NaCl with 
a 1:10 ratio, as seen in Figure 2.2.a. This observation contrasts with M16, M29, 
and M48 LER yields seen in Figures 2.2.b-d. For these LERs, every 
combination of salt and DNA: AuNC ratios produced significantly higher 
fAuNC yields.  

In Figures 2.2.b-d, we also see a trend of decreasing yield with 
increasing oligonucleotide length. M16 has some of the highest yields in these 
figures, while M48 has the lowest. These findings may partly be explained 
using previous research on the diffusional behavior of oligonucleotides in 
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solution. A study by Werner used single-stranded ribonucleic acid’s (ssRNA’s) 
radius of gyration (𝑅𝑅𝐺𝐺) to determine its diffusional velocity. Since 𝑅𝑅𝐺𝐺 increases 
with the oligonucleotide size, larger oligonucleotides have slower diffusional 
velocity17. A shorter, faster-moving LDNA increases the probability of 
successful LERs. This justifies the higher fAuNC yield of M16 compared to 
M48. 

The length of M48 makes it sterically more challenging for a LER to 
occur. These AuNCs are 1.09 ± 0.36 nm, while the contour length of a 48-mer 
ssDNA would be approximately 32 nm18. A 32 nm sequence must align its thiol 
with a vertex of the 1.09 nm AuNC for a LER to occur. Thus, we can attribute 
the reduced fAuNC yield associated with longer LDNAs to slower translational 
diffusion and steric inhibition. 

Looking again at Figures 2.2.b-d., we see that salt concentration also 
affected fAuNC yields. We see the greatest impact of salt concentration at high 
DNA: AuNC ratios. Figure 2.2.b. shows that M16 fAuNC yield doubles when 
the LER occurs in a salt solution. Since AuNCs and DNA are anionic, DNA 
adsorption is affected by the long-range electrostatic repulsion, which is 
related to the salt-dependent Debye length (λD). Only when DNA is sufficiently 
close to the AuNC can attractive short-range forces take place and enable LERs. 
Na+ ions screen the repulsion between DNA and AuNCs. Thus, as Na+ ions 
increase, the Debye length decreases, and the probability of successful LERs 
increases. This effect is the most significant at higher DNA: AuNC ratios, 
where we see the largest yield increase when comparing the salt-free and 200 
mM NaCl conditions. At higher ionic strengths the free energy of self-
dimerization decreases19. As discussed previously, higher salt concentrations 
also increase the diffusion coefficients of oligonucleotides and accelerate the 
collision between DNA and the AuNC18, thus increasing the number of DNA 
dimers in solution. As discussed later in this chapter, these DNA dimers, acting 
as bivalent ligands, increase the thermodynamic probability of successful 
ligand exchanges. 
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Figure 2.2. Calculated fAuNC yields for each PolyT (A), M16 (B), M29 (C), and M48 (D) under 
different DNA: AuNC ratios and salt concentrations. 

The contrast between PolyT and M16 fAuNC yields warrants further 
consideration. PolyT and M16 have 16-mer oligonucleotide sequences, yet M16 
LERs produced significantly higher yields in every reaction condition. We 
examined various explanations for the PolyT disparity. PolyT sequences have 
been used to assemble copolymer micelles20 and copper nanoclusters21. If the 
PolyT were forming micelles, additional gel bands should have been observed 
in all gel lanes, including the control lane. Moreover, unlike copper, which has 
a strong affinity for thymine, thymine has the weakest interactions with gold. 
Any chemical interactions between thymine and the captopril ligands should 
have also been seen with all other sequences since they all contain a 5-6 
thymine spacer sequence after the thiol. Since the reaction conditions cannot 
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explain these divergent yields, the remaining variable is oligonucleotide 
sequences. The PolyT sequence is a 16-mer oligonucleotide composed entirely 
of thymine bases. M16 has a 6-thymine sequence and a high percentage of 
cytosine and guanine bases. If we compare these sequences, the most 
significant difference is that PolyT lacks a base pairing capacity. The 
implication is that the base pairing plays a significant role in AuNC-DNA 
LERs. We will examine this further in later sections of this chapter. 

 

2.3.3. LDNA: AuNC 
Table 2.2. The average number of DNA ligands per conjugated fAuNC 

 Mean LDNA: fAuNC 

DNA 
Sequence PolyT M16 M29 M48 

DNA: 
AuNC 1:2 1:5 1:10 1:2 1:5 1:10 1:2 1:5 1:10 1:2 1:5 1:10 

No Salt 
 0.00 0.00 0.00 1.00 1.26 1.07 1.00 1.28 1.18 1.00 1.31 1.47 

100 mM 
NaCl 0.00 0.00 0.00 1.65 1.41 1.31 2.50 1.41 2.17 1.47 1.24 1.29 

200 mM 
NaCl 0.00 0.00 1.00 2.78 1.98 1.47 3.03 1.53 2.14 1.53 1.64 1.35 

 

While yields are an essential indicator of LERs' success, it is also 
important to consider the ligand speciation produced by LERs. Ligand 
speciation is the number of LDNAs per fAuNC (LDNA: fAuNC). The LDNA: 
fAuNC determines which downstream applications best suits a particular 
bioconjugate. Bioconjugates in dyad assemblies ideally should be mono-
functionalized, i.e., have a LDNA: fAuNC of 1. On the other hand, those 
destined for network solids would benefit from having greater LDNA: fAuNC. 
Thus, we thought it important to consider this in our characterization of 
AuNC-DNA LERs. 

For this analysis, we looked exclusively at the AuNC-DNA conjugates to 
determine the quantity of DNA ligands conjugated to AuNCs for each reaction 
condition, i.e., AuNCs that did not undergo LERs were not taken into account. 
We applied a weighted average to the fAuNC-(LDNA)n concentrations to 
determine each reaction’s average number of LDNA: fAuNC. These are 
summarized these results in Table 2.2. The overall LDNA: fAuNC average for 
PolyT, M16, M29, and M48 is 1.00, 1.55, 1.80, and 1.37, respectively.  
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We again see that PolyT is an outlier with an average of 1.0 LDNA: 
fAuNC. Again, comparing these results to M16, we see that M16 has a 14× 
higher LDNA: fAuNC. While the PolyT results are interesting, concluding with 
limited data is difficult. The intriguing PolyT results in the last two sections 
should be explored in future studies.  

The M48 LDNA: fAuNC is lower than M16 and M29. In data 
summarized in Table 2, we see that LDNA: fAuNC never averages above 2 with 
any M48 reaction condition. The size of a M48 ligand could be sterically 
inhibiting the integration of multiple M48s into the ligand monolayer. Longer 
oligonucleotide sequences also have higher probabilities of forming secondary 
structures. Evidence for secondary structure can be found in the gel image in 
Figure 2.3.a. Lane 1 is the control lane containing only 5 µM M48. A sequence 
with no secondary interactions would have only a single DNA band. Instead, 
we observed multiple bands. To determine if there was a thermodynamically 
favored M48 secondary structure, we used NUPACK22,23, a thermodynamic 
design and analysis tool for nucleic acid systems. The NUPACK calculations 
were performed with the following parameters: 25 °C, 100 and 200 mM NaCl, 
allowed complex size of 4, and dangles set to “all.” The NUPACK predicted 
secondary structure is seen in Figure 2.3.b. Therefore, the formation of 
secondary structures may increase the footprint of the ligand, inhibiting 
additional LERs on the same AuNC, which is only ~1 nm in diameter.  

We next compared the dimerization probabilities of M29 and M16, as 
seen in Figure 2.4. M29 had free energies of -2.19 kcal/mol and -2.40 kcal/mol 
for 100 mM NaCl and 200 mM NaCl, respectively, suggesting that M29 would 
spontaneously self-dimerize under these conditions. In the 200 mM solution 
with 5 µM of M29, one would expect 0.12 µM to be dimers. In contrast, the 
calculated free energies for M16 in solution were 0.00 kcal/mol at 100 mM NaCl 
and -0.20 kcal/mol at 200 mM NaCl, suggesting that M16 sequences are at or 
near equilibrium and not dimerized under these conditions. We had initially 
designed these oligonucleotides as capture sequences for self-assembly 
experiments. As such, we designed them specifically to limit dimerization and 
secondary structures. 

To assess whether M16 and M29 LERs were occurring as independent 
events, we compared the experimentally determined LDNA: AuNC 
distributions to Poisson distributions that describe discrete, independent LERs. 
We calculated the Poisson distributions using Equation 2.1, where λ is the 
mean LDNA: AuNC and x are 8, the highest number of LDNA: AuNC observed. 

𝑃𝑃(𝑥𝑥) = 𝜆𝜆𝑥𝑥𝑒𝑒−𝜆𝜆

𝑥𝑥!
          (2.1)  
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Figures 2.5 and 2.6 show that both M16 and M29 deviate from the 
predicted Poisson distributions. The deviation is greatest at the lowest salt 
concentrations, where the experimental results produce more AuNCs with a 
single LDNA than would be predicted if these LERs were behaving 
independently and randomly. The deviation suggests that electrostatic 
repulsion between these DNA ligands favors the incorporation of single ligands 
as opposed to multiple ligands. This finding offers a means of tailoring the 
number of ligands for various applications. E.g., those that require mono-
functionalized fAuNCs can carry out LERs at lower salt concentrations, and 
those that require multiple ligands can use higher salt conditions.   

  



55 
 

 
Figure 2.3. PAGE and secondary structure of M48. (A) PAGE of 5 uM M48 and 40 uM AuNC. 
The secondary structure can be seen as two bands above the M48 band. (B) Most likely 
secondary structure for M48, as predicted by NUPACK 

 

Figure 2.4. NUPACK self-dimerization probabilities at 25 °C in 200 mM NaCl for M16 (A) 
and M29 (B) 
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Figure 2.5. Comparison of M16 experimental LDNA: AuNC (black, solid line) and predicted Poisson 
distribution (red, dashed line). All data is for 5 μM M16: 10 μM AuNC. 

 

Figure 2.6. Comparison of M29 experimental LDNA: AuNC (black, solid line) and predicted Poisson 
distribution (red, dashed line). All data is for 5 μM M29: 10 μM AuNC. 
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2.3.4. Cooperative, Independent, and Negative Cooperativity 
Binding Models of Oligonucleotide LER with AuNCs 

The above results indicate a relationship between oligonucleotide 
sequence and length with both the fAuNC yields and LDNA: AuNC. The 
deviance of LDNA: AuNC from the Poisson distribution suggests that these 
LER are not independent or random. We applied the Hill equation further to 
parse the thermodynamics of the oligomer LERs. The Hill equation is a 
mathematical model that illustrates the binding relationship between 
biological molecules and multiple ligands, such as the cooperative binding of 
oxygen molecules and hemoglobin. For cooperative binding to occur, a 
substrate must have multiple binding sites available, and the binding of one 
ligand must alter the affinity for the following binding event24–26. When 
hemoglobin binds to an O2 molecule, it undergoes a conformational change, 
increasing the probability of binding to the next O2. Other studies have also 
utilized the Hill equation to demonstrate the cooperative binding of proteins 
on nanoparticles27,28. 

The Hill coefficient (αH) is the term that describes the extent of 
cooperativity in this binding and is summarized below: 

𝛼𝛼𝐻𝐻 > 1 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

𝛼𝛼𝐻𝐻 = 1 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 

𝛼𝛼𝐻𝐻 < 1 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 

Then the equilibrium disassociation constant (KD) that describes the extent that the DNA-
ligand disassociates from the AuNCs would be: 

𝐾𝐾𝐷𝐷 = 𝑛𝑛[𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠]𝑛𝑛 �𝐴𝐴𝐴𝐴25(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)18 �
�𝐴𝐴𝐴𝐴25(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)18−𝑛𝑛(𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠)𝑛𝑛�

        (2.2) 

 
 
The fractional saturation (ν) describes how much of the DNA is bound to the 
AuNCs in relationship to the total concentration of AuNC, and the binding 
site saturation is described by θ: 

𝜈𝜈 = [𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠]𝑏𝑏
[𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴]𝑡𝑡

          (2.3) 

𝜃𝜃 = 𝜈𝜈
𝑛𝑛
           (2.4)  

Since PAGE bands showed no more than 8 DNA-ligands attached to AuNCs, we 
assumed n to be 8 for our calculations. Therefore, we calculated the free DNA as the 
excess DNA band. 
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𝜃𝜃 =
𝐷𝐷𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝛼𝛼𝐻𝐻

𝐾𝐾𝛼𝛼𝐻𝐻+𝐷𝐷𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝛼𝛼𝐻𝐻          (2.5)  

𝜃𝜃
1−𝜃𝜃  =

𝐷𝐷𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝛼𝛼𝐻𝐻

𝐾𝐾𝐴𝐴
𝛼𝛼𝐻𝐻  =

𝐷𝐷𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝛼𝛼𝐻𝐻

𝐾𝐾𝐷𝐷
        (2.6)  

 

Which then gives us the linear form below: 

log � 𝜃𝜃
1−𝜃𝜃� =  𝛼𝛼𝐻𝐻 log𝐷𝐷𝐷𝐷𝐷𝐷𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 − log𝐾𝐾𝐷𝐷      (2.7)  

  
 We have summarized the results from these calculations in Figure 2.8 
and Table 2.3. The results from the M48 DNA experiments were inconclusive. 
The steric hindrance from the DNA ligand surrounding the AuNC makes it 
unsuitable for this model. The M16 ligand has a clear linear relationship and 
a Hill coefficient of 1.00, indicating that monomeric binding did not change the 
affinity for subsequent ligands. The M29 ligand has Hill coefficients between 
3.23 and 33.73 for the different salt conditions, indicating that these ligands 
exhibit cooperative binding. For the M29, we suspect that the dimerized 
ligands act as cooperative bivalent ligands. In a bivalent ligand system, the 
second ligand is spatially restricted and near the binding site after the binding 
of first ligand to the substrate. As such, rotational and translational entropy is 
lost for the second LER, making the conditions more favorable. Kinetically, the 
forced proximity of the second ligand acts as an increased localized 
concentration surrounding the substrate and will therefore increase the 
binding rate.  
 
Table 2.3. Calculated Hill Coefficients for M16 and M29 

DNA [NaCl] KD 𝛼𝛼H R 

M16 No Salt 0.125 1.00 1.00 

 100 mM 0.125 1.00 1.00 

 200 mM 0.125 1.00 1.00 

M29 No Salt 1.430 10-16 3.23±0.38 0.9729 

 100 mM 4.57 10-25 4.43±0.43 0.9811 

 200 mM 0 33.73±1.99 0.9930 

 
 

We have illustrated our proposed mechanism in Figure 2.7. We propose 
that the first bound ligand of the DNA dimer acts as a tether restricting the 
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second ligand’s degrees of freedom. Thus, it pays the entropic cost for the 
second ligand, making the second LER more probable. Once both ligands have 
been conjugated to the AuNC, they can separate and dimerize with free ligands 
in the solution, making each subsequent LER they participate in more 
thermodynamically favorable. 
 

 
Figure 2.7. Schematic of proposed ligand exchange pathway exhibiting cooperative binding. 
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Figure 2.8. Hill equation results for (A) M16, (B) M29, and (C) M48. 
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2.4. Conclusion and Outlook 
In summary, we have found that both AuNC and salt concentrations 

affect ligand exchange products and that the noncovalent interactions of DNA 
are a nontrivial and complex variable in these LERs. By better understanding 
how these variables affect ligand exchanges, it is possible to design targeted 
experiments that will produce either mono- or multi-conjugated AuNCs. While 
there is a cross-over from previous small-molecule thiolate ligand exchange 
studies, we have illustrated here that the complexity of the biomolecule 
conjugations warrants independent investigation. The final conjugation 
products of such reactions are affected by both the length and sequence of the 
DNA ligands. The complexity of noncovalent DNA interactions and their effect 
on final products is not inconsequential. The thermodynamics of dimerization 
and secondary structures should be modeled before undertaking these 
conjugations to predict products better. 

While these experiments provide insight into the DNA LERs of AuNCs, 
there are limitations to our findings. First, this set of experiments is a 
quantitative analysis of a qualitative technique. Capillary electrolysis coupled 
with a diode array or mass spectrometry technique would provide significantly 
more information and could be applied to kinetics studies. The second is that 
densitometric analysis will underestimate the concentrations of intense bands 
if they saturate the pixels.  

Poly-thiamine sequences and poly sequences of other nucleotides are 
regularly used as control sequences when studying LERs. As we have seen in 
these experiments, PolyT sequences had significantly different behavior from 
mixed nucleotide sequences in these reactions. There should be follow-up 
experiments exploring other poly-nucleotide oligomers under more varied 
conditions than those available for PAGE analysis.  

 There has yet to be a study of the effect of self-dimerizing DNA 
sequences on LERs that have not been applied to AuNPs and 2D gold surfaces. 
Much of this is due to the difficulty of quantifying each ligand coverage. The 
small size of AuNCs makes studying this process more amenable to various 
techniques. Atomically precise AuNCs represent a well-organized microcosm 
of gold-thiol-DNA interactions that eliminates many unknowns in larger 
systems. Further study of these mechanisms could provide profound insight 
into AuNPs and 2D surfaces, allowing for more efficient and effective designs. 
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2.6. Appendix 

 
Appendix 2.1. NUPACK self-dimerization probabilities for M48 at 25 °C in 200 mM NaCl. 
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Chapter 3 

Isolation of Oligonucleotide-Gold 
Nanocluster Conjugates for Self-

Assembly Applications 
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Figure 3.1. Schematic of bioconjugated gold nanocluster (fAuNC) purification. A mixture of 
gold nanoclusters (AuNCs) and Cy5-modified oligonucleotides is vortexed overnight in a salt 
solution. The final solution contains excess reactants as well as mono- and di-fAuNCs. An 
ion-paired reversed-phased method can separate fAuNCs from the excess reactants by the 
number of oligonucleotides attached to the AuNCs. Fractions of the fAuNCs were collected 
and concentrated. 

 

3.1. Introduction 
Many emerging nanomedicine applications require the conjugation of 

biomolecules to interface AuNCs within biological systems or aid in self-
assembly. The success of LERs in conjugating DNA to AuNCs is an important 
first step to incorporating them into bioimaging 1–3, sensing, and diagnostic 
therapies4–6. As discussed earlier, the ligand monolayer significantly 
contributes to the physiochemical properties of AuNCs7–10 and their ability to 
interface with biological systems. Thus, it is important to characterize these 
bioconjugates' self-assembly and targeting abilities and their unintended 
effects on a biological system if they are to be used in vivo nanomedicine 
applications. A recent study that changed the ligand monolayer from a single 
residue to a di-peptide observed a 22× decrease in liver-to-blood ratios11. A 
second study comparing AuNC protein and peptide conjugates found that at 
28 days, only 5% of the protein conjugates had renal clearance vs. 94% of the 
peptide conjugates. Researchers concluded that the protein’s size and 
propensity to form toxic aggregates inhibited kidney uptake12. From such 
examples, we see that the biomolecule composition of the AuNC ligand 
monolayer significantly impacts biodistribution, tumor uptake, and 
biodegradability. For in vivo applications to advance, it is essential to develop 
scalable purification techniques to isolate and quantify AuNC bioconjugates 
based on the number and type of conjugated biomolecules. For AuNC-DNA 
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conjugates, a purification technique must isolate AuNC-(DNA)n from AuNC-
(DNA)n±1. 

While GE is the most common method for isolating the AuNC-DNA 
bioconjugates by the number of DNA ligands is gel electrophoresis (GE)13–16, 
HPLC methods offer superior resolution, scalability, and purity. IP-RP HPLC 
methods have been used to separate both AuNCs and oligonucleotides. IP-RP 
HPLC methods compatible with water-soluble ligands have thus far focused 
on AuNC size separations17,18. Niihori et al. achieved a high-resolution 
separation of Aun(Glutathionate)n clusters using an IP-RP method18. There is 
a much more extensive body of research using IP-RP methods for 
oligonucleotide separations. These methods have purified oligonucleotides by 
their length, type, and presence of chemical modifications 19–26. IP-RP methods' 
success in purifying both AuNCs and DNA indicates that it could be a 
successful method for separating AuNC-(DNA)n from AuNC-(DNA)n±1. Thus 
far, there has been no publication using this method to purify such AuNC-DNA 
conjugates.  

In this chapter, we investigate IP-RP HPLC as a method for isolating 
AuNC-(DNA)n from AuNC-(DNA)n±1. An Au25(Captopril)18 was chosen for these 
experiments due to its water-solubility and robustness27–29. The AuNCs were 
conjugated to thiolated ssDNA via a LER with the captopril ligands, resulting 
in (Au25(Captopril)18-n(ssDNA)n). We determined that by utilizing TEAA as our 
IPR and employing a shallow gradient increase in acetonitrile, it is possible to 
purify AuNC-DNA conjugates by the extent of their bio-ligand coverage. To 
demonstrate that these conjugates would be suitable for self-assembly 
applications, we conjugated AuNCs to Cyanine5 (Cy5) functionalized 
oligonucleotides. Since AuNCs have a distance-dependent ability to act as 
quenchers to fluorescent dyes, we used steady-state fluorescence spectroscopic 
studies to characterize the AuNC-Cy5 conjugates. The spectroscopic results 
demonstrated that our IP-RP HPLC method has successfully isolated the 
mono- and di-conjugates. 

 

3.2. Methods and materials 

3.2.1. DNA preparation 
Table 3.1. Summary of DNA sequences used in experiments. 

Description 
Name 

DNA Sequence and Modifications 
Length 

NCD 5’ – thiol – C6 – TTTT TTGG GCGG TTGG – 3’ 
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Thiolated 
ssDNA with C6 
tether 

16 mer 

Cy5 & Thiol 
Modified ssDNA 

Cy5-NCD 5’ – Cy5 – GTAG TCGC AGAT TATT TT – C3 – thiol – 3’ 
18 mer 

Compliment to 
Cy5 – NCD 

cDNA 5’ – AAAA TAAT CTGC GACT AC – 3’ 
18 mer 

NCD with C11 
tether 

C11NCD 5’ – thiol – C11 – TTTT TTGG GCGG TTGG – 3’ 
16 mer 

Unmodified 
DNA 

UMD 5’– CCAA TACT CCTG ACTA – 3’ 
16 mer 

 

NCD, Cy5-NCD, cDNA, and UMD oligonucleotide sequences were 
purchased from Integrated DNA Technologies (Coralville, IA). The sample 
arrived lyophilized in disulfide form and was then reconstituted to 200 μM with 
ultrapure water from the Barnstead Nanopure system (Thermo Fisher 
Scientific, Houston, TX, US). In addition, we purchased C11NCD from LGC 
Biosearch Technologies (Petaluma. CA). The DNA sequences used in these 
experiments are summarized in Table 3.1. 

We reduced the disulfide form to the thiol form needed for the AuNC 
ligand exchange by mixing the TssDNA with Tris (2 carboxyethyl) phosphine 
hydrochloride (TCEP) (Thermo Fisher) in a 200 µL PCR tube in a 1000:1 TCEP 
to DNA ratio. The PCR tube was backfilled with nitrogen gas and vortexed for 
30 minutes. The reduced TssDNA was purified using a 3 kDa molecular cutoff 
filter (Sigma Millipore, St. Louis, MO, US). The TCEP/TssDNA solution was 
added to the filter, filled to 450 µL, and spun for 30 minutes at 14,000×g. We 
repeated these steps three times. For the final solvent exchange, 250 µL was 
added and spun for 5 minutes at 14,000×g. After the last spin, the filter was 
inverted and centrifuged at 10,000×g for 5 minutes. Multiple solvent exchange 
steps are necessary to remove any remaining TCEP; otherwise, it will degrade 
the AuNC in the ligand exchange step. The final TssDNA concentration was 
determined using a NanoDrop™ ND-1000 spectrophotometer (Thermo Fisher 
Scientific). 
 

3.2.2. Gold nanocluster synthesis 

Au25(Captopril)18 samples were obtained through a collaboration with 
the Jin research group and characterized in a previous publication30. 
HAuCl4∙3H2O (78.7 mg) and TOABr (126.8 mg) were stirred vigorously in 10 
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mL of methanol. After 20 minutes, 5 mL of methanol containing 217.2 mg of 
captopril was injected into the solution. After 30 minutes, 2 mmol of NaBH4 
was added, and the solution was mixed for an additional 8 hours. The mixture 
was then centrifuged, and the AuNCs were precipitated with a methanol 
extraction.  
 

3.2.3. Preparation of DNA-conjugated gold nanoclusters 

First, ultrapure water was added to PAGE purified and desiccated 
AuNCs. The AuNC solution concentration was determined using Nanodrop 
and ε310 for AuNCs, 3.6  ×104  M-1 cm-1. Next, 50 μL ligand exchange solutions 
were made with TssDNA, AuNCs, and 0.1 M NaCl in a 200 µL PCR tube. The 
PCR tube was then backfilled with nitrogen gas and vortexed overnight. The 
final concentrations of solutions used for HPLC analysis were 10 µM TssDNA, 
50 µM AuNC and 0.1M NaCl. The final concentrations of solutions for HPLC 
purification were 18 µM Cy5-ON, 90 μM AuNC, and 0.1 M NaCl. 
 

3.2.4. High-performance liquid chromatography 

High-performance liquid chromatography (HPLC) experiments were 
carried out on an Agilent 1100 series HPLC with an in-line degasser, 
autosampler, heated column compartment, and diode array detector (DAD). 
fAuNCs were separated using an ion-paired reverse-phase (IP-RP) method 
using an AdvanceBio Oligonucleotide C18 4.6 x 150 mm column.  

TEA-HFIP mobile phase preparation: 4 mM TEA-100 mM HFIP ion-pairing 
buffer prepared by mixing 2.60 mL of HPLC grade HFIP (Thermo Fisher) and 
0.15 mL HPLC grade TEA (Thermo Fisher) to 100 mL of ultrapure H2O in a 
250 mL volumetric flask. Water was then added to the 250 mL mark on the 
flask. The pH was then adjusted to 7 ± 0.05. HPLC grade methanol (Thermo 
Fisher) was used as mobile phase B. 

TEAA mobile phase preparation: The 75 mM triethyl ammonium acetate 
(TEAA) ion-pairing buffer was prepared by mixing 2.61 mL HPLC grade TEA 
(Thermo Fisher) and 1.05 mL HPLC grade glacial acetic acid (Thermo Fisher) 
to 100 mL of ultrapure H2O in a 250 mL volumetric flask. Water was then 
added to the 250 mL mark on the flask. The pH was then adjusted to 7.00 ± 
0.05. HPLC grade acetonitrile (Thermo Fisher) was used as mobile phase B. 

HPLC-DAD analysis was performed by monitoring two wavelengths; 
260 nm to indicate the presence of DNA and 370 nm to indicate the presence 
of AuNCs. In addition, absorption spectra for peaks of interest were collected 
between 225-550 nm.  
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3.2.5. Liquid chromatography peak analysis 
Chromatographic analysis was performed using OpenChrom® 

(Lablicate GmbH, Hamburg, Germany) and Origin (OriginLab Corporation, 
Northhampton, Massachusetts). 

 
Figure 3.2. Schematic representation of an analytical chromatogram for a binary sample 
mixture where retention time (tR) and peak widths at the base (wb) are given in units of 
time31. 

 
Peak resolution (Rs) was calculated according to Equation 3.1: 
 
𝑅𝑅𝑠𝑠 = 2 � 𝑡𝑡𝑅𝑅2− 𝑡𝑡𝑅𝑅1

𝑤𝑤𝑏𝑏1+ 𝑤𝑤𝑏𝑏2
�          (3.1) 

where retention time (tR) and peak widths at the base (wb) are given in units 
of time. An Rs value >1.5 indicates the baseline resolution of adjacent peaks. 
Rs fails to describe resolution when baseline resolution is not achieved, and 
peaks widths cannot be determined. In these cases, Equation 3.2 was used: 
 
𝑑𝑑0 =  �ℎ𝑝𝑝− ℎ𝑣𝑣�

ℎ𝑝𝑝
          (3.2) 

where hp is the height of the smaller peak, and hv is the height of the valley 
between the two peaks. The discrimination factor (d0) value varies between 0, 
indicating that peaks are coeluting, and 1, indicating the peaks are fully 
resolved. 
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3.2.6. oxDNA course-grained modeling 

Structural analysis of the fluorescent dye functionalized 
oligonucleotides, ON-Cy5, was achieved using the course-grained MD 
simulation program oxDNA32–35. Initial ssDNA and dsDNA probe sequences 
were generated using oxView. After the initial probe sequences were rendered, 
the molecular behavior was simulated by sequence-dependent virtual move 
Monte Carlo (VMMC) simulation conditions. Salt conditions were set to 0.5 M 
NaCl, and the temperature was set to 20 °C. Default values were used for all 
additional settings. The end-to-end distance of the DNA sequences was 
measured and recorded for 310 configurations. The obtained data were used to 
construct distance histograms. 

 

3.2.7. Nanometal surface energy transfer (NSET) 

In NSET, a non-radiative transfer of energy from an oscillating dipole to 
a noble metal surface. The critical distance (𝑑𝑑0) is the separation distance at 
which the energy transfer efficiency equals 50%. It can be calculated from 
Equation 1.5. , For our calculations 𝜔𝜔𝐹𝐹 is the Fermi frequency of the metal 
(1.2 × 108𝑐𝑐𝑐𝑐−1 ) and 𝑘𝑘𝐹𝐹 is the Fermi wave vector of the metal (8.4 × 1015𝑠𝑠−1 ) 
36–38. Therefore, the theoretical quenching efficiency between a single donor 
and acceptor is expressed in Equation 3.3. 

𝑄𝑄𝐸𝐸𝐸𝐸𝐸𝐸(𝑑𝑑) = 1

1+� 𝑑𝑑𝑑𝑑0
�
4                                                                                                   (3.3)         

3.2.8. Fluorescence resonance energy transfer (FRET) 

FRET is a non-radiative transfer of energy due to a dipole-dipole 
interaction. The critical radius (𝑅𝑅0) is the separation distance at which the 
energy transfer efficiency equals 50%. It can be calculated from Equation 1.3. 
For our calculations J(λ) = 15.69 ×  1015 𝑐𝑐𝑐𝑐3 𝑀𝑀−1 , εA = 2.5 × 105 𝑐𝑐𝑐𝑐−1 𝑀𝑀−1 , 
η=1.33 and κ=0.667. 

3.2.9. Fluorescence measurements of probe quenching 

After purification, half the AuNC-Cy5-NCD and AuNC-(Cy5-NCD)2 
fractions were diluted to a DNA concentration of 1 nM. The remaining aliquots 
and an unconjugated Cy5-NCD control probe were annealed to their 
complementary sequence in a 5:1 cDNA to Cy5-NCD ratio at 25 °C for 3 hours. 
All samples were backfilled with N2 and stored at 4 °C. 

Steady-state fluorescence measurements were taken with a Horiba 
Jobin-Yvon Fluorolog with a Xenon lamp excitation source and Horiba 
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Microsense cuvette. Excitation and emission band passes were set to 5 nm, and 
the integration time was 30 seconds. 8 µL of annealed fAuNC solutions or 
control tile solutions were excited at 590 nm. Relative quenching 
measurements were taken of both ssDNA and ssDNA fAuNC-ON-Cy5 
conjugates. Experimental quenching efficiency of the monoconjugate was 
calculated using Equation 3.439, 

𝐸𝐸1𝑑𝑑 = 1 −  𝐼𝐼𝑄𝑄
𝐼𝐼
                                                                                                           (3.4) 

 
Where 𝐼𝐼 is the fluorescent intensity of the unquenching dye and 𝐼𝐼𝑄𝑄 is the 
quenched fluorescent intensity of the dye in the presence of AuNCs. The 
quenching efficiency for the two donor, single acceptor system of bi-conjugate 
was calculated using the Gennis-Cantor formula40. In a two donor system 
there is an enhancement effect due to multiple pathways available for the 
excitement energy to reach the AuNCs. For the bi-conjugate there is NSET 
between Cy51 to AuNC, E1, Cy52 to AuNC, E2. If there is enough proximity 
between the two Cy5 dyes there will also be FRET between the two Cy5 dyes. 
FRET from Cy51 to Cy52, T1, FRET from Cy52 to Cy51, T2. For the calculation 
of bi-conjugate efficiency we will consider four different pathways 
summarized in Table 3.2: 

Table 3.2. Four potential FRET pathways. 

Path I Excitation energy is absorbed by Cy51, bounced 
from Cy51 to Cy52 and back, then to AuNC  

𝐸𝐸𝐼𝐼 = 𝐸𝐸1
1−(𝑇𝑇12×𝑇𝑇21)

              (3.5) 

Path II Excitation energy is absorbed by Cy51 transferred 
to Cy52 then to AuNC  

𝐸𝐸𝐼𝐼𝐼𝐼 = 𝑇𝑇12×𝐸𝐸2
1−(𝑇𝑇12×𝑇𝑇21)

             (3.6) 

Path III Excitation energy is absorbed by Cy52, bounced 
from Cy52 to Cy51 and back, then to AuNC 

𝐸𝐸𝐼𝐼𝐼𝐼𝐼𝐼 = 𝐸𝐸2
1−(𝑇𝑇12×𝑇𝑇21)

            (3.7) 

Path IV Excitation energy is absorbed by Cy52 transferred 
to Cy51 then to AuNC 

𝐸𝐸𝐼𝐼𝐼𝐼 = 𝑇𝑇12×𝐸𝐸1
1−(𝑇𝑇12×𝑇𝑇21)

            (3.8) 

 

Which gives a combined energy formula of: 

𝐸𝐸2𝑑𝑑 = 1
2 �

𝐸𝐸1(1+𝑇𝑇21)+𝐸𝐸2(1+𝑇𝑇12)
1−(𝑇𝑇12×𝑇𝑇21) �                 (3.9) 

If we replace E1 and E2 with an average NSET efficiency, E0, and the two 
FRET efficiencies with an average efficiency, T, then the above equation can 
be simplified to: 
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𝐸𝐸2𝑑𝑑 = 𝐸𝐸0
(1−𝑇𝑇)        (3.10) 

                                                                  

3.3. Results and discussion 

3.3.1. Isolation of mono- and bi-Conjugates 

Our first goal in this chapter was to develop the ability to isolate 
individual species of AuNC-DNA conjugates using IP-RP HPLC. Our second 
goal was to demonstrate their potential for self-assembly applications utilizing 
the quenching properties of AuNCs. With these goals in mind, we first 
investigated which IPRs would meet these needs. TEAA and TEA-HFIP are 
the most utilized IPRs in oligonucleotide characterization and purification 
methods. Compared to TEAA, TEA-HFIP has shown superior resolution, 
especially when paired with MS, due to its volatility and low adduct 
formation24,41,42. Despite these advantages, we found that fAuNCs purified 
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with the TEA-HFIP exhibited short shelf lives, making them unsuitable for 
downstream self-assembly applications. 

 
Figure 3.2. The UV-Vis spectrum of AuNC in water (black line), TEA-HFIP (red line), and 
TEAA (green line). 

As seen in the AuNC absorbance spectra of Figure 3.3., a 10 μM AuNC 
sample stored in HFIP-TEA shows substantial attenuation of the 
characteristic peaks at 320 nm and 450 nm. The samples stored in the TEAA 
buffer did not show the same attenuation. An Au25 nanocluster has an inner 
core of 13 Au atoms surrounded by an outer shell of 12 Au atoms and 18 ligands. 
Previous optical characterization of thiol-ligand-protected Au25 nanoclusters 
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has shown that transitions at these wavelengths correlate to the outer shell of 
the AuNC43. The attenuation of these peaks indicates that HFIP is degrading 
the outer shell of the AuNCs. Since AuNC stability stems from the thiol-gold 
bonds of this outer shell, this explains the short shelf-life we observed. There 
are alternative MS-compatible IPRs that could be less damaging to AuNCs 
than HFIP-TEA 44–46. However, since our experiments were not MS-reliant, we 
moved forward with TEAA as our IPR.  

To evaluate the effect of different flow rates, we measured the resolution 
of fAuNCs using a 4.6  × 150 mm AdvanceBio Oligonucleotide C18, 2.7 μm 
column at a flow rate range of 0.5–0.8 ml/min. The flow rates were evaluated 
with 75 mM TEAA and 100% HPLC grade acetonitrile for mobiles phases A 
and B, respectively. Elution was observed by monitoring the UV–vis absorption 
at the DNA absorption peak of 260 nm. For other HPLC conditions, see the 
figure captions. Retention time and resolution values are shown in Table 3.2. 
and visualized in Figure 3.4.a. We evaluated the resolution for our two peaks 
of interest, the mono- and di-conjugated AuNCs, using Equation 3.2.  

 
Table 3.3. Resolution between Peak 2, fAuNC-(ssDNA), and Peak 3, fAuNC-(ssDNA)2, was 
calculated using equation 3.2. For details, see the Experimental section. 

Mobile 
Phase 
Flowrate 
(mL/min) 

Retention Time (min) Resolution 
Peak 1: 
AuNC 

Peak 2: 
fAuNC-
(ssDNA) 

Peak 3: 
fAuNC-
(ssDNA)2 

Peak 4: 
ssDNA 

Peak 2/ Peak 
3 

0.5 12.20 13.63 14.09 18.09 0.583 
0.7 10.44 12.00 12.44 16.12 0.683 
0.8 10.18 11.78 12.21 15.92 0.680 

In contrast with previous IP-RP oligonucleotide publications, we 
observed better resolution with higher flow rates.24,41,47 This is because early 
publications used stationary phases with fully porous particles, while our 
experiments used superficially porous particles with a solid core. Solid core 
particles reduce an analyte's diffusion path through the particle, leading to 
more efficient mass transfer across all flow rates 48. This more efficient mass 
transfer means we could utilize higher flow rates for more rapid separation of 
fAuNCs. 
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Figure 3.3. Retention of AuNC, fAuNC-ssDNA conjugates, and ssDNA with changes to flow 
rate (A) and method gradient(B).  
(A) Other HPLC conditions: All flow rates were evaluated at 60 °C. All runs started with a 2-
minute hold at 5% acetonitrile and then increased to a final concentration of 35% in 30 
minutes. Higher flow rates decreased run times and resolution.  
(B) Other HPLC conditions: All gradients were evaluated at 60 °C with a 0.7 mL/min flow 
rate. All runs started with a 2-minute hold at 5% acetonitrile and then increased to a final 
concentration of 35% acetonitrile according to the gradient specified. The gradient that 
increased the amount of acetonitrile by 0.25%/minute had the highest resolution of those 
evaluated. 

 

We next evaluated method gradients that increased the percentage of 
acetonitrile between 0.25%/min to 2%/minute. We summarized these results in 
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Fig 5.b. and Appendix 1. As one would expect, the steeper gradient shortened 
the analysis time; however, it also reduced the separation selectivity. We 
achieved the highest resolution with a 0.25%/min increase of acetonitrile, with 
the last peak eluting at 35.49 minutes. However, despite this shallow gradient, 
we could still not achieve the baseline resolution necessary for purification.  

Several published studies illustrate the influence of IPR concentration 
on peak resolution and retention19,45,47. Increasing the concentration of the IPR 
increases the hydrophobicity and retention of oligonucleotides. Following this 
logic, we adjusted the concentration of mobile phase A from 75 mM TEAA to 
100 mM TEAA. As a result, we achieved baseline resolution between our peaks 
of interest with a gradient of 0.25% ACN, which started at 12% ACN, and a 
flow rate of 0.800 mL/min (Figure 3.5.a).  

A representative chromatogram from our method is shown in Figure 
3.5.a. As seen in the absorbance spectra of AuNC and TssDNA in Figure 3.5.b., 
DNA only absorbs at 260 nm, while AuNCs absorb at 260 and 370 nm. 
Therefore, absorbance at 370 nm would indicate the presence of AuNCs. Peaks 
2 and 3 absorb at both 370 and 260 nm, with a higher absorbance at 260 nm 
than seen at Peak 1, leading us to conclude that these peaks are the mono- and 
di-conjugated fAuNCs. We examined the absorbance spectra collected for 
peaks 1-3 and 5 to support this conclusion, as seen in Figure 3.5.b. The spectra 
associated with peaks 2 and 3 show characteristics of both AuNC and DNA. 
These characteristics are most apparent at 260 nm and 325 nm. 
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Figure 3.4. (A) Chromatogram showing baseline separation of the mono- and di-conjugates. 
The Rs were calculated using Equation 3.1 and determined to be 5.14. The absorbance at 260 
nm (black) and 370 nm (blue) was monitored to indicate the presence of AuNCs and ssDNA. 
The method was run at 60 °C with a 0.800 mL/min flow rate. The method began with a 2-
minute hold at 12% acetonitrile and increased by 0.25% acetonitrile/minute for 40 minutes. (B) 
The absorbance for peaks 1,2,3, and 5 was collected between 225 nm and 500 nm.  
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It is worth noting that the excess ssDNA is eluting after both conjugates. 
We attribute the longer retention time to the 6-carbon tether that connects the 
thiol to the oligonucleotide. Our investigations found that oligonucleotide 
modifications such as thiols, carbon tethers, and fluorescent dyes significantly 
affect the retention time of the oligonucleotide. As seen in Figure 3.7.b., 
unmodified ssDNA sequences elute early. The modifications on the other three 
oligonucleotides increase their hydrophobicity and, thus, their retention times. 
The 6-carbon tether on the thiolated ssDNA becomes buried within the ligand 
monolayer of the AuNC after the ligand exchange, causing the AuNC-DNA to 
elute before the free thiolated ssDNA with the 6-carbon tether. The 
hydrophobicity of the Cy5 dye causes the most significant increase in the 
retention of the modified oligonucleotides. 

To demonstrate that HPLC-purified conjugates are suitable substrates 
for self-assembly, we designed an 18-mer thiolated oligonucleotide 
functionalized with a Cy5 (Figure 3.6.). We conjugated these ssDNA-Cy5 
oligonucleotides to AuNCs as in the previous experiment. Due to the increased 
retention of the Cy5 oligonucleotides, we modified the HPLC method to begin 
at 20% acetonitrile. All other running conditions remained the same, and we 
achieved a high-resolution separation of AuNC-ssDNA-Cy5 conjugates, as seen 
in Figure 3.7.a. 

In summary, we found that a shallow gradient combined with a high 
concentration of IPR achieves the resolution necessary to purify the fAuNCs 
by the extent of their oligo-ligand coverage, even when the DNA has been 
modified. 

 

Figure 3.5. Schematic of fAuNC-(ssDNA-Cy5) and fAuNC-(ssDNA-Cy5)2. 
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Figure 3.6. (A) Chromatogram from AuNC-ssDNA-Cy5 bioconjugation purification. (B) 
Staggered chromatogram showing the effect of different oligonucleotide modifications on 
elution times. 
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3.3.2. Steady-state fluorescent characterization of AuNC-(DNA-
Cy5) conjugates 

 

 
Figure 3.7. Relative fluorescent emission of 1 nM dsDNA-Cy5 (red), 1 nM AuNC-(dsDNA-
Cy5) (blue) and 500 pM AuNC-(dsDNA-Cy5)2 (purple). 

 

In this section we sought to characterize the purified bio-conjugates using 
steady-state fluorescence spectroscopy. We used surface energy transfer (SET) 
to predict the quenching efficiency of the AuNC conjugated to the DNA-Cy5. 
Our experimental results for the mono-conjugates fell within an allowable 
margin of error, while the bi-conjugate showed significantly more quenching 
than predicted. We believe the addition quenching observed to be due self-
quenching between the Cy5s at each end of the DNA ligand. 

 
Once the ssDNA had been annealed to its complementary DNA (cDNA), our 

18-mer sequence would theoretically have an end-to-end separation distance 
of 6.12 nm. However, the salt conditions and temperature affect oligonucleotide 
end-to-end distances in solutions. We simulated our experimental conditions 
in the course-grained modeling program oxDNA to model the end-to-end 
distance more accurately. The results of the end-to-end distance distribution 
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simulated by oxDNA can be seen in Appendix 1.a. At 20 °C in 0.5 M NaCl 
solution, we determined the mean separation distance (d) to be 5.77±0.2 nm. 

 
AuNCs have a distance-dependent ability to quench fluorescent dyes as 

characterized by nanometal surface energy transfer (SET)37,49–51. In SET 
processes, energy from a photoexcited chromophore is dampened in the 
presence of a nanometal surface with a 1/d4, with d being the separation 
distance between the dye and metal surface36. To determine the theoretical 
quenching efficiencies between Cy5 and AuNC, d0 was calculated using 
Equation 1.5. D0 is the distance at which energy transfer and fluorescent 
emission are equally probable. We calculated a d0 to be 5.58 nm for the Cy5 -
Au25(Captopril)18 coupling. We calculated the theoretical quenching for AuNCs 
using Equation 3.3. The theoretical quenching of the assemblies is 0.46±0.03  
(Appendix 2.b).  
 

For the steady-state fluorescent experiments, we used HPLC-purified 
AuNC-DNA conjugates, as described in the above section. We annealed cDNA 
to each of the fractions collected. To ensure an equal Cy5 concentration when 
measuring both the mono-conjugate and bi-conjugate we diluted each sample 
solution to a 1 nM DNA concentration. Meaning 1 nM concentration of control 
and mono-conjugate, and 500 pM of b-conjugate was used for our fluorescence 
measurements. Using Equation 3.4 we determined the quenching efficiency of 
the AuNC-(dsDNA-Cy5) was 0.40±0.08. If the bi-conjugate were only energy 
transfer between the two dyes and the AuNC then the using the quenching 
efficiency was 0.76±0.04. While the quenching efficiency for the mono-
conjugate is within the margin of error, the di-conjugate had a statistically 
significant deviation from predicted values (p<0.001, two-tailed, one-sample t-
test, 95% confidence interval, n=8). The bio-conjugates quenching capacity was 
monitored for 7 days to determine their shelf-life. As can be seen in Figure 3.9., 
the quenching efficiency of AuNC-(dsDNA-Cy5)2 has a 19% increase in 
quenching efficiency in that time, while the mono-conjugate losses 6% 
quenching capacity.  

 
We propose that the self-quenching of Cy5 is the likely cause for the 

divergent behavior of the bi-conjugate. Self-quenching is typically observed at 
high fluorophore concentrations where the decreased mean distance between 
dyes leads to increased collisional quenching, formation of non-fluorescent 
dimers, and energy transfer52–55. Self-quenching has also been documented in 
assemblies and bio-conjugation that can eliminate the inner filter effect, and 
make dimerization, and collisional quenching probable56–58. Characterization 
of these assemblies indicates that dyes with small Stokes shifts have sufficient 
spectral overlap to participate in single-pair fluorescence resonance energy 
transfer (spFRET). The spFRET is due to dipole-dipole interaction and the rate 
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is proportional to 1/r6, where r is the separation distance between the dye 
centers. The spFRET of Cy5-Cy5 coupling has been documented in previous 
studies59,60. 

 

Figure 3.8. Schematic of spFRET and NSET pathways of AuNC-DNA bi-conjugate. 

 
By tethering the two dyes to the AuNC, it increases the proximity of the 

dyes to each other. Thus, creating a localized concentration of dyes 
surrounding the AuNC. Using Equation 1.3, spFRET critical radius of Cy5 is 
5.8 nm. With an 1/r6 proportionality to the energy transfer rate, the separation 
distances between the dyes that would produce a measurable change in 
photoluminescence (PL) would be 2.9-8.7 nm. The Au25 nanocluster is just over 
1 nm in size, while each of the dsDNA ligands is roughly 2 nm in diameter and 
6 nm in length. The AuNC with its captopril monolayer would provide little 
resistance to the ligand’s range of motion. If we treat the AuNC as a hinge 
holding the two dsDNA-Cy5 ligands together then it would only take an 88.8° 
angle of separation to have a detectible change in PL. If the bi-conjugate is 
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behaving as a hinge it is probable that the dyes could be closer to each other 
than they are to the AuNC. Overall, this suggests that self-quenching, in the form of 
ET, collisions, or formation of dimers is likely for the AuNC-(dsDNA-Cy5)2. Therefore, 
we suspect that the increased quenching seen in Figure 3.8. is due to a 
combination of SET between both dyes and the AuNC, spFRET between the 
two Cy5 dyes, and finally the formation of dimers. The formation of non-
fluorescent dimers is permanent and will accumulate over time. Looking at the 
shelf-life data collected for the mono- and bi-conjugates in Figure 3.10., we see 
that the quenching efficiency of the bi-conjugate increases over the 7 days. We 
believe that this is due to the formation of non-fluorescent Cy5-Cy5 dimers over 
time. If we calculate the quenching efficiency of the bi-conjugate using 
Equation 3.10, and assume the quenching efficiency of the monoconjugate to 
be E0 and the overall quenching observed to be Ed2, then quenching efficiency 
off the Cy5 FRET pair would be 0.47±0.12, which is reasonable. 

Overall, we see that the AuNC-(dsDNA-Cy5) conjugate met the 
expectations of the model, while AuNC-(dsDNA-Cy5)2 produced unpredicted 
results. The divergent behaviors of these two bioconjugates emphasize the 
need to fully characterize these moieties, especially if intended for in vivo 
applications.  

 
Figure 3.9. Comparison of the changes in quenching efficiency by AuNC-(dsDNA-Cy5) and 
AuNC-(dsDNA-Cy5)2 over 7 days. 
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3.4. Conclusion and outlook 
In conclusion, we have successfully developed a purification method that 

can isolate AuNC-DNA bioconjugates, Au25(Captopril)17(ssDNA) from 
Au25(Captopril)16(ssDNA)2. The IP-RP method using 100 mM TEAA, 0.800 
mL/min flow rate, and a 0.25% increase in acetonitrile/min was sufficient to 
achieve the baseline separation necessary for purification. We further 
demonstrated the necessity of isolating and characterizing the individual 
conjugates to determine their suitability for downstream self-assembly. This 
method is not only more scalable than the widely used electrophoretic methods 
and more applicable than the purifications dependent on AuNC ligand 
properties. The IP-RP HPLC method presented here is likely suitable for other 
water-soluble AuNC-DNA conjugates. Confirming this theory is a direction 
worth exploring. While our experiments did not utilize MS, the size- and 
ligand-dependent properties of AuNC mean that MS confirmation of the 
AuNC-DNA conjugate composition should also be completed. One practical 
challenge is that HFIP, a commonly used IPR for MS detection, degrades 
Au25(Captopril)18. While these AuNCs are more stable in TEAA, this IPR is 
unsuitable for MS detection. Hence, other fluorinated alcohols compatible with 
MS and do not cause degradation should be explored. 
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3.6. Appendix 
Appendix 3.1. Resolution between Peak 2, fAuNC-(ssDNA), and Peak 3, fAuNC-(ssDNA)2, 
was calculated using equation 3.2. For details, see the Experimental section. 

Gradient 
Slope (% 
ACN/min) 

Retention Time (min) Resolution 
Peak 1: 
AuNC 

Peak 2: 
fAuNC-
(ssDNA) 

Peak 3: 
fAuNC-
(ssDNA)2 

Peak 4: 
ssDNA 

Peak 2/ Peak 
3 

0.25 15.33 22.20 25.93 35.49 0.911 
0.5 13.88 17.82 18.44 26.11 0.740 
1.0 10.44 12.00 12.44 16.12 0.683 
1.5 9.13 10.05 10.31 13.02 0.364 
2.0 8.61 9.21 9.38 11.57 0.278 
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Appendix 3.2. (A) Histogram of the end-to-end separation distance of 18- mer double-stranded 
sequence in 0.25 M NaCl showing a separation distance of 5.77±0.20 nm. (B) Theoretical 
quenching for the AuNC-Cy5 conjugates shows a quenching efficiency of 0.46±0 
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Chapter 4 

Self-assembly of Gold Nanoclusters on 
DNA Origami 
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4.1. Introduction 
The coupling of AuNCs with other nanomaterials enables properties 

unavailable with isolated AuNCs. Such coupling interactions are sensitive to 
geometric and spatial orientation between AuNC and materials such as dyes, 
nanoparticles and other NCs. The characterization of such couplings requires 
precise programmed assemblies of multiple nanomaterials on a single 
template. Synthesizing such materials remains challenging and is impeding 
progress in understanding and controlling these interactions. Despite the 
advancement of AuNC self-assembly methods, currently none meet these 
needs.  

Current methods of AuNC self-assembly have been limited to 
techniques such as crosslinking and surface synthesis. Yahia-Ammar et al. 
assembled AuNCs nanogels by mixing the negatively charged AuNCs with a 
cationic polymer. This crosslinking technique can assemble monodisperse 
AuNC assemblies but cannot control the placement of AuNCs and other 
nanomaterials. Dyads of AuNCs and organic dyes have been made by 
functionalizing both materials with ssDNA and using base-pairing to assemble 
them. This method does allow nanometer scale separations between AuNCs 
and organic dyes but with some significant limitations. First, these assemblies 
are limited to dyads and thus unable to create varied geometrical 
arrangements. Secondly, the distance separation between AuNCs and organic 
dyes is limited to dsDNA persistence lengths. Li et al. assembled patterns of 
AuNCs using a DNA origami tile surface seeded with thiol groups that served 
as AuNC nucleation sites in a HAuCl4·H2O solution. However, this surface 
synthesis showed arbitrary patterning and inconsistent distance separations. 
Moreover, due to the difficulty in characterizing the AuNCs formed on that 
surface, the size and composition of the AuNCs were unknown.   

A templated-directed assembly such as DNA origami would be able to 
achieve precise separations between multiple nanomaterials. Purified AuNC-
DNA with discrete numbers of LDNA are ideal for such DNA-directed 
assemblies. While such assemblies have not yet been achieved for couplings 
involving AuNCs, they have been used with materials such as AuNPs 1–4, 
quantum dots 5, fluorescent dyes 6. 
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Figure 4.1. Schematic illustration of the assembly of AuNC-DNA conjugates on a DNA origami 
tile. Starting with Au25(Captopril)18 solution, a ligand exchange is performed to replace 
captopril ligands with thiolated LDNA resulting in Au25(Captopril)18-n(DNA)n. A fraction 
containing Au25(Captopril)17(DNA) is collected and concentrated following IP-RP HPLC 
purification. The AuNC-DNA conjugates are then annealed to a DNA origami tile 
functionalized with a single Cy5 dye. To confirm that the AuNC-DNAs are assembled at 
discreet distances from the dye, PL measurement were taken of the assemblies. 

 

Herein we show a new strategy to position oligonucleotide 
functionalized AuNCs (fAuNCs) at specific separations from a Cy5 fluorophore 
on a DNA origami tile. Using Au25(Captopril)17(DNA) conjugates purified using 
the IP-RP HPLC technique developed in Chapter 3 were annealed to the DNA 
origami tile. After annealing these AuNC-DNA to capture strands on the DNA 
origami tile, precise assemblies on the DNA origami tile surface were 
confirmed using AFM. Coupled interactions between the AuNC and 
fluorophore were measured using static and lifetime PL measurements. 
Steady-state fluorescence spectroscopy measurements demonstrated a 
decrease in relative fluorescence proportional to the number and position of 
AuNC-DNA relative to Cy5 over time.  

 

4.2. Methods and materials 

4.2.1. DNA preparation 
The thiolated ssDNA (TssDNA) sequence was purchased from 

Integrated DNA Technologies (Coralville, IA, US). The sample arrived 
lyophilized in disulfide form and was then reconstituted to 200 μm with 
ultrapure water from the Barnstead Nanopure system (Thermo Fisher 
Scientific, Houston, TX, US). To reduce the disulfide form to the thiol form 
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needed for the AuNC ligand exchange, the TssDNA was mixed with Tris (2 
carboxyethyl) phosphine hydrochloride (TCEP) (Thermo Fisher Scientific) in 
200 μL PCR tube with a 1000:1 TCEP to DNA ratio. The PCR tube was 
backfilled with nitrogen gas and vortexed for 30 minutes. The reduced TssDNA 
was purified using a 3 kDa molecular cutoff filter (Sigma Millipore, St. Louis, 
MO, US). The TCEP/TssDNA solution was added to the filter and, filled to 450 
μL, spun for 30 minutes at 14,000×g. These steps were repeated three times. 
Next, 250 μL was added and spun for 5 minutes for the final solvent exchange 
at 14,000×g. After the final spin, the filter was inverted and centrifuged at 
10,000×g for 5 minutes. Multiple solvent exchange steps are necessary to 
remove any remaining TCEP; otherwise, it will degrade the AuNC in the 
ligand exchange step. The final TssDNA concentration was determined using 
a NanoDrop™ ND-1000 spectrophotometer (Thermo Fisher Scientific). 

4.2.2. Gold nanocluster synthesis 
Gold nanoclusters were obtained through a collaboration with the Jin 

research group at Carnegie-Mellon. The preparation and characterization have 
been reported in previous publication7. Briefly, HAuCl4∙3H2O (78.7 mg) and 
TOABr (126.8 mg) were dissolved in 10 mL of methanol and stirred vigorously. 
After 20 minutes 5 mL of methanol containing 217.2 mg of captopril was 
injected into the solution. After 30 minutes 2 mmol of NaBH4 was added and 
the solution was mixed for another 8 hours. The mixture was then centrifuged 
and the AuNCs were precipitated with a methanol extraction. 

4.2.3. Bioconjugation of oligonucleotides to gold nanoclusters 
Ultrapure water was added to PAGE purified and desiccated AuNCs. 

The AuNC solution concentration was determined using Nanodrop and ε310 
nm=3.6×104 M-1 cm-1. A 50 μL ligand exchange solution with 18 µM TssDNA, 
180 µM AuNC, and 0.1 M NaCl was mixed in a 200 μL PCR tube. The PCR 
tube was then backfilled with nitrogen gas and vortexed overnight. 

4.2.4. Bio-conjugated gold nanocluster purification 
Functionalized gold nanoclusters (fAuNCs) were purified using an IP-

RP HPLC method on an Agilent 1200 series with a manual injector, heated 
column compartment, and variable wavelength detector set to monitor 260 nm. 
All separations were done using AdvanceBio Oligonucleotides C18 4.6x150 mm 
column with 2.7 um particle size. 

Mobile phase A was HPLC grade methanol (Thermo Fisher Scientific), 
and mobile phase B was a 75 mM triethyl ammonium acetate (TEAA). Mobile 
phase B was prepared by mixing 2.61 mL HPLC grade TEA (Thermo Fisher 
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Scientific) and 1.05 mL HPLC grade glacial acetic acid (Thermo Fisher 
Scientific) to 100 μL of ultrapure H2O and then filled to 250 mL with ultrapure 
water. pH was adjusted to 7.00 +/- 0.05. 25 μL of the fAuNC ligand exchange 
solution was injected at 60 C with a 0.5 mL/minute flow rate. The mobile phase 
gradient was 20% mobile phase B with a 2-minute hold, then increased to 50% 
B in 38 minutes. 

A fraction was collected from 25-27 minutes, and a solvent exchange was 
performed using an Amicon 3 kDa molecular cutoff filter. The collected fraction 
was added to the molecular weight cutoff (MWCO) filter, then spun at 
14,000×g for 25 minutes, then ultrapure water was added to a final volume of 
450 μL. These steps were repeated twice before the MWCO filter was inverted 
and spun at 10,000 × g for 5 minutes. The absorption spectra for the 
concentrated fractions were collected using NanoDrop™. 

4.2.5. DNA Origami Formation 
The rectangular DNA origami tile structure was adapted from 

publication8 using caDNAno software9. The complete list of DNA staple 
sequences for tile structures is given in Appendix Table 1. Labeling the DNA 
origami structure with Cy5 was done by modifying the 3' end of the 8[64] staple. 
Staples 10[64] and 8[79] were modified by adding the AC complementary 
sequence to the 3' end. The modified staples and capture sequences are 
summarized in Table 1.  

The synthetic oligonucleotide staple sequences and Cy5-modified 
staples were purchased from Integrated DNA technologies. Single-stranded 
M13mp18 scaffold DNA was purchased from New 
England Biolabs (Ipswich, MA, US). Tile designs 1, 2, and 3 were annealed by 
replacing the staples at 10[64] and /or 8[79]. The scaffold DNA was mixed with 
the staple oligonucleotides in a 1:5 molar ratio. Different tile designs were 
annealed by replacing staples 10[64] and/or 8[79]. The final concentrations of 
folding solutions were 10 nM scaffold strand and 50 nM of each staple strand, 
12 mM MgCl2, and 1X TAE. The mixture was then thermally annealed 
according to a previously published protocol10. The folded tiles were purified 
from excess staple sequences with a previously published micro-centrifugal 
molecular cutoff filter protocol11. 

4.2.6. Course-grained modeling 
Course-grain simulations were performed in oxDNA to estimate the 

fAuNC surface to fluorophore separation distances12,13. All simulations were 
run with 0.5 M salt concentrations. 
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4.2.7. Atomic force microscopy 
All atomic force microscopy (AFM) images were collected under the 

imaging buffer at room temperature. The AFM probes (Model SNL-10, Bruker 
Nano Inc., Santa Barbara, CA, US) with tapping-mode imaging on a NTEGRA 
AFM (NT-MDT America, Tempe, AZ, US). Images were processed using 
Gwyddion SPM Image visualization software. 

20 mm mica discs (Ted Pella Inc., Redding, CA, USA) were cleaved using 
packaging tape. The mica surface was prepared by incubating with 5 mM 
NiAc2, 0.1×TAE, for 2 min. Next, the solution was removed and replaced with 
the annealed tile solution. The tiles were incubated on the mica for 1 minute 
before adding 12.5 mM MgAc2, 0.1×TAE. This was incubated for 1 min before 
being replaced with the imaging buffer (5 mM NaAc2, 0.1×TAE). 

4.2.8.  Steady-state fluorescence measurements 
Steady-state fluorescence measurements were taken with a HORIBA 

Jobin-Yvon Fluorolog (Horiba, Kyoto, Japan) with a Xenon lamp excitation 
source and a HORIBA Microsense cuvette. Excitation and emission band 
passes were set to 5 nm, and the integration time was 45 seconds. 8 μL of 
fAuNC annealed or control tile solutions were excited at 590 nm. The 
experimental efficiency was calculated using Equation 3.4: 

4.2.9. Nanometal Surface Energy Transfer (SET) 
The critical distance (𝑑𝑑0) was calculated using Equation 1.5, where 𝛷𝛷𝑑𝑑𝑑𝑑𝑑𝑑 

is the fluorescence quantum yield of the donor in the absence of the acceptor, 
and c is the speed of light in a vacuum. The energy transfer efficiency was 
calculated using Equation 1.7, where 𝑘𝑘𝐷𝐷→𝐴𝐴𝑖𝑖 is the ET rate between the donor 
and a single acceptor, 𝑘𝑘𝐷𝐷0 is the decay rate of the donor in the absence of the 
AuNC. “n” depends on which ET mechanism is employed; n=4 for SET and n=6 
for FRET. 
 

4.3. Results and discussion 
Figure 4.1. is a schematic demonstrating the goals of the Chapter 4 experiments. In 

order to achieve precise assemblies of AuNCs in proximity to a fluorophore, we first 
functionalized the AuNCs with ssDNA and purified them to remove excess DNA and 
AuNCs. We designed three different DNA origami tiles that would each have a single 
fluorophore and either one or two AuNCs. These assemblies were characterized with AFM 
and characterization of ET with fluorescence spectroscopy.  
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4.3.1. Bioconjugation of gold nanoclusters with oligonucleotides 
The first step toward nanometer precision AuNC self-assembly on DNA 

origami is synthesizing and purifying AuNC-DNA conjugates. If AuNCs are 
annealed to the DNA origami in the presence of free DNA ligands, capture 
sequences could bind to either free ligands or AuNCs. This would result in a 
DNA origami solution that resulted in less quenching than predicted due to 
the absence of AuNCs at some of the capture sites. As the previous chapter 
shows, mono-functionalized AuNCs have more predictable results and cannot 
bind to multiple origami simultaneously. 

The Jin group from Carnegie Mellon synthesized and characterized 
Au25(Captopril)18 nanoclusters14. These nanoclusters are water-soluble, stable 
up to 80 °C, and stable under salt and pH changes7.  

Extending selected DNA origami staples and using a complimentary 
thiolated oligonucleotide to bioconjugate AuNCs, those AuNCs should 
specifically bind to the DNA origami tile through hybridization between thiol-
modified DNA ligands and the set staples. For our experiments, we used a 16-
mer oligonucleotide modified with a six-carbon linker and -SH group at the 5' 
end that will be referred to as NCD. 

To ensure the accuracy of downstream applications, we had to ensure 
fAuNCs and not excess NCDs occupied these AuNC capture sequences. 
Therefore, one of our first experiments incorporated the reduced NCD into the 
folding process of the DNA origami tiles. The assumption was that excess 
NCDs would be easily removed during tile purification, and the exposed thiol 
could bioconjugate with the AuNCs. However, we found that exposing tiles to 
the AuNC concentrations necessary to ensure bioconjugation resulted in 
substantial degradation of the tiles, rendering them unusable for further 
applications. From this, we knew it was not only essential to remove excess 
NCDs but also to remove excess AuNCs before beginning the self-assembly 
process. 

We want to isolate the mono-conjugates to ensure one tile for every 
fAuNC. Therefore, we used the ion-paired reversed phased (IP-RP) HPLC 
method developed in Chapter 3 to isolate the mono-conjugated fAuNCs.  

 

4.3.2. Formation of DNA origami tiles 
To anneal purified fAuNCs on the folded and purified DNA origami tiles, 

20 nM of fAuNCs, 2 nM DNA Origami tiles, and 8 mM MgCl2 were incubated 
at 25 °C for 180 minutes. The DNA origami rectangle (100 ×70 nm) is folded 
from one m13mp18-scaffold strand and 187 staple strands.8,10 Each of the 
origami tiles also contains one Cy5-modified staple. The folding process 
directly inserts the fluorophore-modified staple strand into the DNA origami. 
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To adapt published DNA origami tiles for AuNC self-assembly, we appended 
“capture” sequences to the 3' end of two staple sequences. We constructed three 
Cy5 functionalized DNA origami designs, the sole difference being the position 
and/or number of AuNC capture staples. These designs are represented in 
Figure 4.2.a., where the blue stars indicate the positions of the Cy5 dye, and 
each yellow dot represents the position of the AuNC capture sequences. After 
the assembly of fAuNCs onto tiles, the assemblies were characterized on mica 
using atomic force microscopy (AFM). Figure 4.2.b. shows 1 AuNC on D1 and 
D2. Need to describe what is observed under AFM and interpret the results. 
 

 
Figure 4.2. (A) Graphic representations of DNA origami tile designs. The gold circles represent 
the placement of the fAuNCs, while the blue stars represent the placement of the Cy5 dye (B) 
AFM images of tiles D1 and D2 (C) Histograms of the end-to-end separation distances between 
the fAuNC surface and the Cy5 dye. 

 
Although DNA origami is substantially more rigid than a dsDNA 

template used to organize AuNCs, fluctuations in the origami may alter the 
separations and hence the energy transfer efficiencies. Therefore, mean 
separation distances were calculated using coarse-grained oxDNA simulations. 
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oxDNA has been used in the past for the study of a variety of DNA models.13,15 
The model describes double-stranded DNA as two intertwined strings of rigid 
nucleotides, with pairwise interactions modeling the backbone covalent bonds, 
the hydrogen bonding, the stacking, cross-stacking, and excluded-volume 
interactions. oxDNA has been used in the past for the study of a variety of DNA 
models.13,15 Results from the simulated separation distances between Cy5 and 
AuNCs on tiles D1 and D2 are represented as histograms in Figure 4.2.c. 
Design D1 represents a separation distance of 6.54 ± 1.36 nm between the dye 
and AuNC surface. D2 is 10.83 ± 2.56 nm separation distance. And D12 
contains the capture sequences of both D1 and D2 to assemble two AuNCs on 
the tile. 

The distances modeled by oxDNA were significantly larger than was 
estimated from the original caDNAno designs. The original designs in 
caDNAno predicted that the fluorophore, D1 capture sequence, and D2 capture 
sequence would all be on the same plane of the tile. Instead, we found that D1 
and D2 were on opposite sides of the tile; thus, AFM images showing D1 and 
D2 present on the same tile were unachievable. The oxDNA simulation 
conditions reflected our experimental conditions for the photoluminescent (PL) 
measurements. The low salt conditions for these measurements caused more 
repulsion between the tile's anionic helices and contributed to the larger-than-
expected distances. At 20 °C, the capture sequences have an extensive range 
of motion leading to significant standard deviations in the simulated distances.  
 

4.3.3. Self-assembly of AuNCs on DNA origami 
We carried out steady-state fluorescent measurements for D1, D2, and 

D12 tiles to demonstrate that our assemblies could be applied to ET biosensor 
designs. AuNCs have been shown to quench fluorescent dyes in a distance-
dependent manner as characterized by (SET)16–19. In SET, energy from a 
photoexcited chromophore is dampened in the presence of a nanometal surface 
with a 1/d4 distance-dependence20. To determine the theoretical quenching 
efficiencies between Cy5 and AuNC d0 were calculated using Equation 1.8. The 
𝜔𝜔𝑑𝑑𝑑𝑑𝑑𝑑 for Cy5 is 2.81 × 1015 s-1, and the Φdye for Cy5 attached to the end of an 
oligonucleotide in a buffered solution is 0.2021–23. The d0 for Cy5 in our system was 
6.22 nm. 
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Figure 4.3. Distribution of the theoretical quenching efficiencies for the D1, D2, and D12 tile 
assemblies. 

 

Using Equation 1.8 and the distances predicted by oxDNA for the D1, 
D2, and D12 tiles, our predicted theoretical values are 0.40±0.19, 0.13±0.14, 
and 0.46±0.18, respectively. The distributions of quenching efficiency from 
these calculations are illustrated in Figure 4.3. 
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Figure 4.4. Normalized PL quenching for each tile assembly. 

 

Experimental quenching efficiency was determined using Equation 3.4, 
where the fluorescent intensity of the control tile is I and the tiles with AuNC(s) 
is IQ. The experimental quenching efficiency observed for D1, D2, and D12 was 
0.43 ± 0.04, 0.21 ± 0.04, and 0.60 ± 0.06, respectively. These results show that 
the quenching efficiency was proportional to the quantity and proximity of 
AuNCs to a fluorescent dye but show some significant deviations from the 
theoretical values. There are a few potential reasons for the deviation. The first 
is that theoretical efficiencies depend on the modeled separation distances, and 
the second is the possible surplus effect for ET assemblies with multiple 
acceptors, as detailed below. 
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Table 4.1: Summary of Theoretical and Experimental Efficiencies 

Tile Assembly D1 D2 D12 

Separation distance (d) 6.54±1.36 nm 10.83±2.56 nm 6.54±1.36 nm and 
10.83±2.56 nm 

Experimental E 0.43±0.04 0.21±0.04 0.60±0.06 

Theoretical E 0.40±0.19 0.13±0.14 0.46±0.18 

 

The separation distances generated by oxDNA had a relative SD of 0.21 
for D1 and 0.24 for D2, indicating that the capturing sequences extending from 
the tile have a dynamic range of motion. When larger AuNPs are assembled on 
DNA origami, there are usually multiple capture strands to reduce this range 
of motion. With an AuNC that is approximately 1 nm in size, it is necessary to 
rely on a single capture sequence. Reducing the RSD error associated with this 
range of motion would be possible by reducing the capture sequence length.  

Salt concentration significantly impacts the stability and movement of 
DNA origami24. Due to the simplicity required of course-grained modeling, the 
simulations are limited to monovalent ions. Magnesium-DNA interactions are 
not uniform and site-specific15. Our running conditions for fluorescent 
measurements were 6 mM MgCl2 and 500 mM NaCl in a 1X PBS buffer, so 
there is no exact salt simulation for our tiles. When we simulated different salt 
concentrations, we found that it had little effect on the dynamic range of the 
capture sequences. However, when the simulation temperature was run at 4 °C, 
the relative SD dropped to less than 5% for both distances. Future experiments 
dependent on a single capture sequence should be run at 4 °C. 

The second consideration is the discrepancy between the theoretical and 
experimental efficiencies for tiles with multiple AuNC acceptors. The energy 
transfer rate constant (kET, Equations 1.1 and 1.8) describes the probability of 
donor de-excitation in a single dye-AuNC pair. The efficiency model described 
by Equation 1.8 assumes that this rate will behave independently between the 
donor and each acceptor in a multiplexed assembly. Typical ET sensors are 
designed to detect single events, but there have been some investigations into 
FRET multiplexes with multiple acceptors. In these studies, they observed that 
these multiplexes consistently demonstrated ET efficiencies greater than 
predicted by Equation 1.8 and have been described as the surplus effect25–27. 
This surplus effect increases with the number of acceptors in the multiplex.  
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FRET has first theorized 75 years ago and has been much more widely 
used and studied than the newer SET theory. A few SET assemblies with 
multiple acceptors have relied on a combination of FRET and SET, thus not 
offering a clear window into if a surplus effect is occurring. There has been one 
study that constructed assemblies of multiple AuNCs attached to fluorophores 
via PEGylated ligands. They found that the experimental efficiencies did not 
agree with the SET model. Rather than contribute this to a surplus effect, they 
proposed that the damping mechanism was volume rather than surface 
dominant28.  

In Chapter 3, we observed that the quenching in the bi-conjugate was 
greater than theorized. The bi-conjugate design of that experiment could not 
rule out spFRET nor dimerization as the cause for the observed decrease in 
relative fluorescence. Using the DNA origami tile for this chapter’s 
assemblies eliminates the possibility of collisional quenching, spFRET, and 
Cy5 dimerization, yet there is still a 0.14 efficiency discrepancy between 
experimental and theoretical. Our steady-state fluorescent measurements 
and the wide variability in our separation distances do not provide enough 
information to elucidate what additional de-excitation pathway could occur 
within the multiplex. However, our assemblies at 4 °C combined with a more 
quantitative technique, such as alternating-laser excitation25, could shed 
light on this mechanism. 

4.4. Conclusion and outlook 
This chapter demonstrated the first successful AuNC self-assembly with 

precisely controlled positions on a DNA origami template. The separation 
distances were estimated using course-grained simulation and showed 
relatively close experimental agreement with the theoretical quenching 
predicted by NSET. In addition, we have noted small adjustments to our 
method that could improve the precision, especially regarding distance-
dependent modalities. These results demonstrate that by functionalizing the 
AuNCs with the oligonucleotides, we can program the self-assembly of the 
AuNCs with nanometer precision.  

AuNCs are promising materials for in vivo applications due to their 
stability, non-toxicity, and bio-conjugatable surfaces. A fundamental 
understanding of how nanoclusters coupled to other nanomaterials would 
expand their use in diagnostics, biosensing, and imaging applications. This 
ability to program the assembly of AuNCs on DNA origami templates opens a 
range of applications for the study and application of AuNCs. The results of 
these triads suggest that with this new ability to organize AuNCs and other 
emitters with nanometer precision and prescribed geometry, we now have a 
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powerful platform to study how these AuNCs couple to each other and 
fluorophores.  
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