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DISSERTATION ABSTRACT 
 
Brandi Lee Baldock 
 
Doctor of Philosophy 
 
Department of Chemistry and Biochemistry 
 
March 2016 
 
Title: Impact of Ligand Shell Architecture on Structure and Reactivity of DNA Aptamer-
Linked Gold Nanoparticle Assemblies 
 

DNA-functionalized gold nanoparticles (DNA-NPs) have enormous potential as 

building blocks for materials due to their ability to specifically recognize and respond to 

target molecules and surfaces. The ability of DNA aptamers to adopt different 

conformations and bind either complementary DNA sequences or analyte molecules 

allows them to mediate nanoparticle assembly or disassembly, generating selective 

colorimetric responses.  

Aptamer-mediated nanoparticle assembly and disassembly is sensitive to the 

nanoparticle ligand shell composition and structure, yet these topics have not been 

extensively explored. In this dissertation, a method for determining the ligand shell 

composition of DNA-NPs is described and a framework for understanding the impact of 

the DNA assembly arrangement and recognition strand density upon aptamer-mediated 

nanoparticle assembly and disassembly is developed. Design rules for creating sensors 

with desired properties are elucidated, leading to creation of sensors with improved 

detection limits and quantification ranges.  

A technique was needed to determine the number of DNA strands of any base 

composition attached to gold nanoparticles (AuNPs) of any core size. A rapid, convenient 

and inexpensive method to quantify the number of label-free DNA strands attached to 
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AuNPs was therefore developed. This technique was extended to determine two different 

DNA sequences bound to AuNPs using UV-visible and fluorescence spectroscopy. Based 

on the results of quantifying the ligand shells of DNA-NPs functionalized with two 

sequences, disulfide-terminated DNA non-specifically adsorbs and then rearranges to 

specifically bind the gold surface. 

The position of the AuNPs and DNA strands within DNA-NP assemblies had a 

profound influence on their ability to assemble and sense adenosine. Assemblies designed 

for large inter-AuNP spacing were stable but unable to sense adenosine. Assemblies 

designed for short inter-AuNP spacing were unstable until the DNA ligand shell was 

diluted.  

AuNPs functionalized with the fewest number of aptamers produced assemblies 

with the lowest detection limit and apparent disassociation constant and the largest 

analyte quantification range. Increasing the number of aptamer strands per AuNP 

increased the cooperativity of the AuNP disassembly response to adenosine.  

This dissertation includes previously unpublished co-authored material. 
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CHAPTER I 
 

INTRODUCTION 
 

INTRODUCTION 
 
Nanoparticle Applications 

Nanoparticles are used in a large and expanding number of exciting applications, 

including biosensing,1–3 drug delivery,4–8 therapeutics,6,9,10  diagnostics,11 solar energy 

conversion,12 and catalysis.13,14 Nanoparticles are defined as particles that possess one 

dimension in the 1-100 nm range and exhibit size-dependent properties that differ from 

those of the bulk material.14,15 To design and create functional nanomaterials tailored for 

specific applications, it is critical to understand and control their properties. The 

expanding number of nanoparticle applications and their increasing market value makes 

the study of nanoparticle structure-property relationships a particularly compelling area 

of research.  

Biosensors are a particularly intriguing class of nanomaterials that transduce 

specific binding recognition events by biomolecules (i.e. antibodies, proteins, peptides, 

DNA or RNA) into colorimetric, surface enhanced raman spectroscopy (SERS), 

fluorescence resonance energy transfer (FRET) or electrochemical responses. 3,16–25 

Small nanoparticles are well suited for biosensing applications because they 

preferentially localize to areas of tumor growth and inflammation,26  and enter cells more 

rapidly than small molecules,6 which is advantageous for therapeutic and cellular imaging 

applications. They can be functionalized with multiple copies of targeting and/or binding 

ligands, and thereby interact strongly with biological systems and biomolecules. 6,15  
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The widespread implementation of many biosensors is prevented by the technical 

expertise and specialized equipment required to collect and analyze FRET, SERS or 

electrochemical responses. Fluorophore labels required for FRET-based sensors are 

expensive, are susceptible to photobleaching, and can affect interactions between 

biomolecule and their targets.27,28 To avoid these drawbacks, biomolecule-functionalized 

gold nanoparticles have been used to generate colorimetric responses to analytes. 

Colorimetric sensors are advantageous because their responses can be analyzed by eye or 

by using a simple hand-held reader or cell phone, without requiring technical expertise or 

expensive instruments.29,30 To produce specific user-friendly sensors that respond to 

analytes over desired concentration ranges, an advance in the fundamental understanding 

of the structure-property relationships of these materials is required.  

Unique Properties of Gold Nanoparticles 

Gold nanoparticles (AuNPs) are of particular interest as response elements for 

biosensing applications due to their unique optical properties,7,10,15,31 biocompatibility32 

and ability to be modified to display antibodies, nucleic acid or peptide recognition 

sequences.33,34 The large extinction coefficients and increased photostability of AuNPs 

compared to fluorescent dye molecules10 makes them ideal reporters for biosensors.  

AuNPs, like other noble metal nanoparticles, exhibit an intense absorbance band 

in the UV-visible region of the electromagnetic spectrum. 7,10,15,31 The oscillating 

electromagnetic field of the light induces collective coherent oscillation of electrons in 

the conduction band of the AuNPs, a phenomenon known as surface plasmon resonance 

(SPR).7,10,15,31 The wavelength of light at which the amplitude of the electrons reaches a 

maximum corresponds to their UV-visible absorbance peak.10 The position and shape of 
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this peak is sensitive to the size and shape of the AuNPs, their local environment (i.e. 

ligand shell) and the solvent. 7,10,15,31 

The SPR peak of AuNPs is also sensitive to interactions between AuNPs. 7,10,15,31 

During light propagation, the instantaneous polarization of the AuNP electron cloud 

induces repulsive surface charges within each AuNP.35 The instantaneous dipoles of 

closely adjacent AuNPs can couple during light propogation, weakening the repulsive 

surface charges.35 This causes their SPR peak to shift to longer wavelengths.36 The 

position and shape of the SPR band of AuNPs therefore provides information about the 

interactions between AuNPs in solution. 7,10,15,31  

Because the SPR peak is in the visible region of the electromagnetic spectrum, 

AuNPs exhibit a colorimetric response when they are assembled or disassembled. This 

property is extensively exploited by AuNP biosensors, which transduce binding events by 

biomolecules into assembly or disassembly-based colorimetric responses.  

AuNPs can be functionalized with multiple ligands, including DNA or peptide 

targeting sequences, covalently or non-covalently bound drugs and solubilizing diluent 

ligands. S-Au interactions are widely used to anchor biomolecules to AuNPs, though 

DNA base-gold interactions have also been used.37 The versatile ligands that can be 

attached means that properties of biomolecule-functionalized AuNPs have the potential to 

be tuned for specific applications.33 However, the relationship between moles of each 

ligand added and bound to AuNPs is complex, and characterization methods are not 

straightforward.  Predicting how the ligand shell composition and structure will affect the 

sensing properties of new materials is challenging. Elucidating the design rules for 
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creating biomolecule-functionalized materials with enhanced properties has the potential 

to significantly advance the field of biosensing. One ligand of particular interest is DNA. 

Unique Properties of DNA 

 Deoxyribonucleic acid (DNA) is a linear polymer composed of nitrogenous bases 

(adenine (A), thymine (T), guanine (G) or cytosine (C)) covalently linked by a 

phosphodiester-ribose backbone.38 Individual DNA molecules are referred to as DNA 

strands, and the exact order in which bases are arranged in a DNA strand is considered its 

sequence.38 Individual DNA strands can form a double-stranded DNA helix by hydrogen 

bonding, or base pairing, to their complementary sequence (also called hybridization).38 

Typically, adenine base pairs to thymine and guanine base pairs to cytosine.38 DNA also 

interacts strongly with planar gold surfaces and AuNPs. 

Interactions between DNA Strands and Planar Gold Surfaces 

 Individual DNA bases and DNA strands interact strongly with planar gold 

surfaces. It was found that individual DNA bases formed relatively strong bonds with 

planar gold surfaces, forming the strongest bonds with guanine (127-139 kJ/mol) and 

adenine (124 kJ/mol), followed by cytosine (122 kJ/mol) and thymine (104 kJ/mol).39 

The DNA base composition of a polynucleotide sequence (i.e. A25, C25, T25) significantly 

affected its rate of adsorption to planar gold, with polyadenosine adsorbing the most 

quickly, followed by polycytosine and polythymidine.40 For polynucleotide sequences 

terminated in thiol functionalities (i.e. HS-A25, HS-C25, HS-T25), the initial adsorption 

kinetics were not affected by the sequence’s base composition, but the final surface 

coverage was significantly lower for polyadenosine sequences than for polycytosine or 

polythymine sequences.40 This suggests that they initially lie flat on the Au surface, and 
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do not adopt a fully vertical orientation during adsorption.40 The thiol anchor on the DNA 

sequence was found to significantly increased the surface coverage of DNA probes on Au 

surfaces; this effect was greatest for short oligonucleotide strands, suggesting that DNA 

bases interact with the gold surface after their additional adsorption and thiol binding to 

the surface.41  

These results from the functionalization of gold films have important implications 

for the attachment of DNA strands to AuNPs, since they highlight the importance of 

including a sulfur-containing anchoring group and using an excess of DNA to promote 

adsorption during ligand exchange. They also highlight the importance of carefully 

choosing the base composition of DNA sequences. 

Interactions between DNA Strands and AuNPs 

 The most commonly used method to functionalize AuNPs with DNA is to 

perform ligand exchange by mixing thiol-terminated DNA with citrate-stabilized AuNPs 

and gradually increase the sodium chloride concentration of the solution until a high 

surface coverage of DNA strands on the AuNPs is attained.42 A more recently established 

method promotes DNA adsorption during ligand exchange by decreasing the pH of the 

solution to 3, thereby protonating adenosine bases and reducing the electrostatic repulsion 

between strands during functionalization.43,44 The adsorption of unthiolated DNA can 

also promoted by increasing the dielectric constant of the solution during 

functionalization.45 After ligand exchange, DNA-functionalized nanoparticles (DNA-

NPs) are typically purified by centrifugation. 

Sandstrom et al.46 studied the interactions between AuNPs and unthiolated or 

thiolated DNA strands. Similar to when DNA strands bind planar gold, adding the thiol 
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anchor group to the DNA sequences significantly increased the surface coverage of DNA 

on the AuNPs. Functionalizing AuNPs with short (12 base) DNA sequences resulted in 

higher DNA surface coverages than when long (25 base) DNA sequences were added, 

suggesting that longer DNA sequences prevented additional DNA binding via enduring 

base interactions with the AuNP surface. 

 Hurst et al.42 found that using a polyethylene glycol spacer near the thiol anchor 

group significantly increased the final surface coverage of DNA strands on the AuNPs. 

Sonicating the DNA-NPs after the initial adsorption promoted additional DNA binding to 

the AuNPs, suggesting that the DNA bases initially laid flat on the surface of AuNPs, 

then rearranged to permit additional DNA binding.42 Sonication was much more effective 

at promoting the adsorption of DNA sequences containing a T10 spacer than those 

containing A10 spacers, suggesting that adenosine bases more tightly bind the AuNP 

surface.  

Brown et al.47 found that sequences designed to contain adenosine or cytidine 

nucleotides adjacent to the thiol-AuNP bond exhibited significantly lower surface 

coverages than those with thymidine nucleotides adjacent to the gold suface. These 

findings were unsurprising given that adenine forms a higher enthalpy bond with gold 

than cytosine or thymine, and therefore is more likely to interact with the surface.39 These 

findings have important implications for the design of sequences to hybridize at the 

surface of AuNPs. 

Hybridization of DNA Strands to DNA-NPs 

 The hybridization of DNA strands to DNA-functionalized surfaces and AuNPs is 

integral to most technologies involving DNA-NPs. Peterson et al.48 found that DNA 
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hybridization to strands immobilized on thin gold films was highly dependent on the 

surface density of DNA. At low DNA surface densities, hybridization efficiency was very 

high, and binding kinetics were fast.48 Conversely, DNA binding to surfaces covered with 

a high density of immobilized DNA strands was slow and inefficient.48 Herne and 

Tarlov49 were able to promote DNA hybridization to DNA-functionalized gold films by 

diluting their DNA monolayer using mercaptohexanol. 

Demers et al.50 studied DNA hybridization to DNA-NPs and found that the 

hybridization efficiency of their DNA-NPs increased as a function of the surface density 

of DNA on the AuNPs. However, the surface density of DNA on all their DNA-NPs50 

was similar to the optimum DNA ligand density identified by Herne and Tarlov.49 Park et 

al51were able to increase hybridization efficiency of their DNA-NPs by diluting their 

ligand shell using mercaptohexanol. Brown et al. found that sequences containing 

guanosine or thymidine adjacent to the thiol anchor to the AuNP surface exhibited greater 

hybridization efficiency than sequences containing adenosine or cytosine adjacent to the 

thiol anchor, which suggests that their hybridization efficiency decreased as DNA base 

interactions with the AuNP surface increased.52 

There are two primary reasons why DNA hybridization to DNA-functionalized 

surfaces and DNA-NPs is promoted by diluting the ligand shell: (1) Decreasing the 

density of DNA strands decreases the electrostatic repulsion between immobilized DNA 

strands and DNA strands in solution53 and (2) Using a diluent ligand to decrease the 

density of DNA ligands on the AuNP surface can prevent DNA bases from interacting 

with the Au surface, promoting the adoption of a vertical position that facilitates 

hybridization.54  
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Therefore, the density of the DNA ligand shell is an important design criteria 

when preparing assemblies of DNA-NPs for biosensing applications. This density can be 

manipulated by selecting DNA strands that interact significantly with the gold surface, by 

not using ligand exchange conditions in which DNA loading onto AuNPs is maximized 

or by deliberately diluting the DNA ligand shell using a diluent ligand. Selecting DNA 

strands that significantly interact with the gold surface could prevent subsequent DNA 

hybridization. Simply performing ligand exchange under conditions in which DNA 

loading is not maximized could destabilize the AuNPs. Therefore, it is preferable to use a 

diluent ligand to decrease the surface density of DNA strands bound to AuNPs. 

DNA-Mediated AuNP Assembly 

Single-stranded DNA sequences anchored to AuNPs via a thiol-Au linkage have 

been extensively used to program interactions between AuNPs. Base-pairing between 

DNA strands on separate AuNPs and linker DNA molecules has been used to guide the 

formation and structure of large crystalline AuNP assemblies.21,55–57 These base pairing 

interactions are sensitive to single-base imperfections, which permits the sensitive and 

selective detection of DNA.58 DNA-functionalized AuNPs have also been used to detect 

cellular mRNA levels32 and regulate biological events in vivo32,59. 

The formation and thermal melting (dehybridization) of DNA-NP assemblies 

formed by binding DNA-NPs to one another via interactions with linking DNA strands 

(linker-mediated hybridization) has been studied extensively in the literature.60,61 Jin et 

al.62 studied this behavior and found that the melting temperature was directly 

proportional to the salt concentration, inter-particle distance and DNA strand density, and 

inversely proportional to the core size of the AuNPs. A theoretical model was developed 
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to explain the melting behavior of DNA-NP assemblies, and this model showed that the 

melting temperature and apparent cooperativity of the dehybridization events were 

proportional to the number of linkers between DNA-NPs.62  

Thermodynamic modeling of DNA-NP assembly formation found that the  

DNA-NP hybridization efficiency significiantly increased when a spacer sequence (A10) 

was introduced between the AuNP surface and the linking DNA binding site.63  

 Nykypanchuk et al.64 experimentally determined that DNA-NP assemblies formed 

from directly binding the DNA-NPs exhibited significantly less order than assemblies 

formed by linker-mediated hybridization. The ability of the DNA-NPs to form extended 

crystalline structures was proportional to the length of the DNA between the DNA-NPs, 

with systems in which AuNPs were positioned 100 bases apart exhibiting the greatest 

degree of crystallinity, as assessed by small angle x-ray scattering (SAXS).65 They 

proposed that DNA-NPs form amorphous assemblies during the initial stages of 

hybridization, and reorganize into extended crystalline structures when annealed near 

their melting temperatures, provided the DNA on the surface of the AuNPs is not 

electrostatically restrained from doing so. 

 Macfarlene et al.66 described DNA-NP crystal formation as a 3-step process 

involving (1) a random binding phase resulting in disordered assemblies (2) local 

reorganization by slow cooling through the melting temperature and (3) extended crystal 

growth. The growth of large crystalline DNA-NP assemblies is promoted by using long, 

flexible inter-particle linking DNA strands, with large distances between the 

nanoparticles and the inter-particle binding sequence.66 The crystal lattice structure can 

be controlled by the choice of 1-component vs. 2-component linking DNA systems and 
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the annealing temperature.66 The hydrodynamic radius of the AuNPs, and ratio of the 

linking DNA sequence to the AuNP core size67 were also described as key contributing 

factors to determining the lattice parameters and structure of the resultant DNA-NP 

crystal.68 

 A theoretical paper69 demonstrated that limiting the potential number of bonds 

between DNA-NPs using inert DNA strands could lead to the formation of small 

disordered DNA-NP assemblies. Similarly, introducing “overhanging” DNA bases to the 

end of DNA linking strands decreases the melting temperature of DNA-NP assemblies.70 

 While many papers have studied the formation and melting properties of DNA 

sequence-linked AuNP assemblies, relatively few have explored the assembly and 

melting properties of DNA aptamer-linked AuNP assemblies. Fewer still have explored 

the potential for using small disordered AuNP assemblies in sensing applications. 

DNA Aptamers as Recognition Elements 

The specific and sensitive binding of antibodies to their targets has long been used 

in enzyme linked immunosorbent assays,71 lateral flow assays72 and northern, southern 

and western blot assays.73 Unfortunately, antibodies must be produced in vivo, which 

inherently limits the number of potential analytes.74 This also makes them relatively 

expensive to produce. 

Aptamers are short (<100 nucleotide) single-stranded DNA or RNA sequences 

that switch conformation to form structures capable of binding target analytes with a 

similar sensitivity and selectivity to that of antibodies.74–76 An increasing number of 

sensing and therapeutic applications exploit the ability of DNA aptamers to adopt 

different conformations and bind either complementary DNA sequences or analyte 
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molecules.18,21,74,77  Colorimetric sensors can be created by marrying the binding 

properties of DNA aptamers to the optical properties of AuNPs. 

Sensors based on DNA or RNA aptamers have been developed to detect a large 

number of potential analytes17,18,21,74,77, which include small molecules78,79 , metal ions80, 

allergens47,81–84 microbial and viral pathogens85,86, proteins23,87–89 and cells90. 

DNA Aptamer-Mediated AuNP Assembly and Disassembly 
 

 One particularly intriguing class of AuNP biosensors are those that exploit the 

unique structure-switching properties of DNA aptamers.3,16–20 The aptamer-analyte 

binding event can be designed to trigger AuNP assembly91–94 or disassembly.80,95–97 

Disassembly-based sensing is preferable over assembly-based sensing because while 

AuNPs can be destabilized and aggregate due to many environmental factors, few things 

cause them to disassemble.98 In disassembly-based sensing, untethered aptamer-

containing crosslinking strands initially act as a bridge between DNA strands on 

neighboring AuNPs.80,95–97,99 When the aptamer sequence changes conformation to bind 

its analyte, the AuNPs disassemble, producing a colorimetric response based on plasmon 

decoupling.95,99 

 Aptamer-AuNP biosensors are ideally suited for personal or commercial analyte 

detection because observing their colorimetric response requires no specialized 

equipment or technical expertise,.95–97,99–101 Their use in dipstick102 and lateral flow 

assays103 has been demonstrated, which are increasingly used in consumer products72. 

Unfortunately, existing colorimetric sensors based on disassembly-based sensing do not 

respond to biologically relevant analyte concentrations. In this dissertation, several 

challenges facing these systems are identified and addressed. 
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Addressing the Challenges Facing Aptamer-Mediated Sensing Based on AuNP 

Disassembly 

 Typical aptamer-mediated sensors based on AuNP disassembly are designed to 

maximize the linkages between AuNPs.  These sensors are composed of extended 

assemblies of DNA-functionalized nanoparticles (DNA-NPs) that span several microns in 

size.95 The large size of these assemblies and the vast number of crosslinks between 

AuNPs significantly decreases the sensitivity and reproducibility of their sensing 

responses, compared to if smaller assemblies were used. 97  

 Improving the properties of aptamer-mediated disassembly-based AuNP sensors 

requires an advance in our fundamental understanding of the variables that govern 

interactions between AuNPs, aptamers and their analytes. This dissertation describes the 

successful implementation of two strategies designed to decrease the size of the DNA-NP 

assemblies and improve the sensitivity of their response to adenosine. 

 Directly hybridizing DNA strands on separate AuNPs to one another produces 

smaller and less crystalline AuNP assemblies than when they are linked by an untethered 

crosslinking strand.64 The distance between AuNPs inside assemblies is directly related to 

their melting temperature62 and inversely related to their ability to disassemble as a 

response to the analyte.96 We predicted that changing the arrangement of AuNPs and 

DNA strands within the assemblies so that the DNA-NPs are directly hybridized and 

positioned closer to one another would decrease the concentration of analyte required to 

separate individual AuNPs from the assemblies.   

 The melting temperature of DNA-NPs decreases as a function of the number of 

DNA recognition strands per AuNP.62 Theoretical calculations indicate that the melting 
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temperature of DNA-NP assemblies is directly related to the number of linkages between 

AuNPs.62 Decreasing the number of DNA recognition ligands attached per AuNP would 

decrease the number of reactive groups, thereby limiting the number of linkages that 

could form between AuNPs. Therefore, we predicted that lowering the density of DNA 

recognition strands on our AuNPs would also decrease the concentration of analyte 

required to separate individual AuNPs from the assemblies. 

 Before we could test our hypotheses, we needed to prepare and fully characterize 

the DNA-NPs and assemblies of interest. 

CHARACTERIZATION OF DNA-NPS 

The synthesis and characterization of nanomaterials presents several unique 

challenges to the researcher. Methods used to synthesize intermediate-sized AuNPs (~12 

nm) produce citrate-stabilized AuNPs that have a narrow distribution of sizes centered 

around a mean.104–106 The width of this size distribution is referred to as the 

nanoparticle’s polydispersity. Large polydispersities in AuNP core size must be avoided, 

because it negatively affects the performance of the nanomaterials.  

Citrate-stabilized AuNPs are readily functionalized by DNA by ligand exchange 

and purified by centrifugation.43,44 Prior to ligand exchange, great care must be taken to 

avoid destabilizing the AuNPs. Drying, freezing or bringing the colloidal solutions to 

high ionic strength causes irreversible aggregation of the gold cores. Because DNA-NPs 

are conjugates containing organic and inorganic materials, the AuNP core size and 

polydispersity and the ligand shell composition must be analyzed using multiple 

corroborative and complementary characterization techniques.107 
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Characterization of AuNPs 

The position of an AuNP’s SPR peak and its extinction coefficient varies 

according to the diameter of the Au core.108–110 Once the core size of a particular sample 

has been determined, its absorbance and extinction coefficient can be used to determine 

the AuNP concentration.109 Inter-particle interactions produce shifts in the SPR peak of 

the AuNPs, and formation of large aggregates results in an increase in the baseline of 

their absorbance spectrum.31,36,111,112 

Bright field transmission electron microscopy (TEM) is commonly used to 

determine the size and polydispersity of AuNPs.107 Samples are prepared for TEM by 

immobilizing the AuNPs on the surface of an electron-transparent material such as silicon 

dioxide.107 During the TEM experiment, high energy electrons (~80-300 keV) bombard 

the AuNP sample and electrons that are not scattered by the high density AuNP core are 

transmitted through the material to be collected by a CCD detector.113 The AuNP size and 

shape can then be determined from the micrographs using analysis software such as 

ImageJ.114 Collecting statistically significant data regarding the mean size and size 

distribution of AuNPs using TEM requires a lot of time, because many micrographs 

containing thousands of AuNPs must be imaged and analyzed. Therefore, TEM was 

primarily used to confirm the shape of our AuNPs prior to determining the size 

distribution using SAXS.  

Small angle x-ray scattering (SAXS) is a powerful tool to determine the size and 

polydispersity of colloidal materials.115 In a SAXS experiment, AuNPs are exposed to a 

monochromated x-ray beam, and the particles elastically scatter the x-rays in a pattern 

characteristic of their size and polydispersity.116 After removing the background 
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scattering and desmearing data collected from the line x-ray source (rather than a point 

source), the scattering pattern of the sample can be modeled using existing macros in 

software packages such as IgorPro,117–120 and used to determine the mean size and size 

distribution of the AuNPs.116  

After the determining the size of the AuNPs using SAXS, their SPR extinction 

coefficient can be calculated from empirical data and Beer’s law can be used to determine 

the AuNP concentration.109  

Quantification of the DNA Ligand Shell 

 The two most common methods used to quantify the concentration of DNA in 

solution are UV-visible spectroscopy and fluorescent dye binding.121 DNA bases absorb 

light strongly at 260 nm, with extinction coefficients corresponding to their base 

composition,122 so Beer’s law is most often used to quantify DNA in pure, concentrated 

samples.123 Multiple contaminants commonly found in DNA solutions absorb light in the 

UV region of the electromagnetic spectrum (incuding proteins, phenolate ion, 

thiocyanates, and other organic compounds).123 Care must be taken to account for these 

other contributing species. Gold salts and AuNPs absorb near 260 nm,124 but their 

contributions to the UV-visible spectrum cannot be normalized because citrate-stabilized 

AuNPs cannot be adequately purified. Therefore, the DNA concentration cannot be 

determined directly from the UV-visible spectrum of DNA-NPs.  

 To quantify DNA strands bound to AuNPs, DNA sequences are often labeled 

using a fluorophore and quantified using fluorescence spectroscopy. Commonly used 

fluorophores are organic dye molecules whose resonant emissions originate from optical 

transitions delocalized over the entire chromophore.125 These emissions are drastically 
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quenched near the surface of AuNPs,126 so the total amount of DNA bound to AuNPs can 

be calculated by the decrease in solution fluorescence during AuNP functionalization.43,45  

 The ligand shell of AuNPs functionalized with fluorophore-labeled DNA strands 

is most often determined by displacing the DNA strands using small thiol ligands, 

separating the fluorophores from the AuNPs, then quantifying the DNA based on a 

calibration curve.127  

 Unfortunately, fluorophores attached to DNA strands can drastically change the 

number of DNA strands bound to AuNPs128 and influence the DNA’s structure and 

reactivity.27,28 DNA ligands attached to AuNPs have been quantified using the Oligreen 

fluorescence assay129 and DNA strand displacement assay.27 These assays readily 

quantify sequences that are eighteen and six bases long respectively, but require 

specialized equipment and reagents. Therefore, a label-free method to determine the 

number of DNA strands bound to AuNPs of any size was required.  

DISSERTATION OVERVIEW 

 The intent of this dissertation is to develop a framework for understanding the 

impact of the DNA–NP ligand shell architecture on the structure and reactivity of DNA 

aptamer-linked gold nanoparticle assemblies.  

 To understand the impact of the ligand shell on the resulting properties of AuNP 

sensors, a rapid, convenient, label-free method to determine the number of DNA ligands 

bound to AuNPs was required. Chapter II describes the development of a UV-visible 

spectroscopy based method to determine the number of DNA strands bound to AuNPs of 

any size. This method was extended towards quantifying the ligand shell of DNA-NPs 

with diluted ligand shells, by using UV-visible spectroscopy in tandem with dye-based 
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fluorescence quantification. Based on the results of this study, a mechanism for the 

adsorption of disulfide-terminated DNA strands onto AuNPs was proposed. This work 

was completed with Jim Hutchison, and is intended for future publication. Jim Hutchison 

provided experimental and editorial guidance. 

 In Chapter III, the impact of the assembly arrangement and recognition strand 

density on the structure and reactivity of DNA-NP disassembly-based sensing systems 

was investigated. Several assembly systems were designed, in which the distance 

between AuNPs and the ligand shell density were varied. The assembly arrangement and 

ligand shell density had dramatic effects on the stability of the resulting DNA-NP 

assemblies. The distance between AuNPs inside the assemblies was directly related to 

assembly stability, and inversely related to the ability of aptamer strands within the 

assembly to dehybridize and sense adenosine. Assemblies of DNA-NPs with diluted 

ligand shells designed to have short inter-particle distances assembled readily and sensed 

adenosine at lower detection limits and over greater ranges of quantification than existing 

sensors. This work was completed with Jim Hutchison, and is intended for future 

publication. Jim Hutchison provided experimental and editorial guidance. 

 In Chapter IV, the number of DNA aptamer ligands per AuNP was systematically 

varied, and the impact of diluting the ligand shell on aptamer-mediated disassembly was 

determined.  The number of aptamers per AuNP had a significant impact on the detection 

limit, quantification range and disassociation constants for the reactions between 

assemblies and adenosine. AuNPs functionalized with the fewest number of aptamers 

exhibited the lowest adenosine detection limits and largest adenosine quantification 

ranges. The cooperativity of the sensing response increased according to the number of 
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aptamers per AuNP, then appeared to plateau. The apparent kD values for the sensors 

increased as a function of the number of aptamers per AuNP, then decreased. This work 

was completed with Jim Hutchison, and is intended for future publication. Jim Hutchison 

provided experimental and editorial guidance. 

 In Chapter V, I reflect on the knowledge gained during these studies, the broader 

impacts of my research project on the field and discuss potential avenues for future 

research. 

BRIDGE 

 Before we could determine the impact of changing the arrangement of AuNPs and 

DNA strands inside DNA-NP assemblies and reducing their polyvalency on the sensing 

properties of DNA-NP assemblies, we needed to develop a method to quantify the 

number of label-free DNA strands per AuNP. Chapter II describes this method. 
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CHAPTER II 

LABEL-FREE, UV-VISIBLE SPECTROSCOPY-BASED QUANTIFICATION OF 

DNA BOUND TO GOLD NANOPARTICLES 

 Note: Portions of Chapter II are expected to appear in an upcoming publication 

co-authored with James E. Hutchison. I designed and performed the experiments and 

composed the manuscript corresponding to Chapter II. James E. Hutchison was the 

principle investigator for this work and provided experimental and editorial guidance. 

INTRODUCTION 

 DNA-functionalized gold nanoparticles have enormous potential as building 

blocks for materials due to their ability to both recognize and specifically respond to 

target molecules and surfaces.1,2 Analyte binding by DNA recognition sequences can be 

used to direct DNA-NP assembly2–4 or disassembly5 in solution, triggering a colorimetric 

response based on nanoparticle plasmon resonance coupling. The binding specificity of 

DNA sequences allows DNA-NPs to detect DNA in vitro, differentiating between 

sequences containing single base imperfections.6 DNA-NP biocompatibility and colloidal 

stability7,8 make them ideally suited for use in cellulo sensing. They can detect cellular 

mRNA levels9 and regulate biological events in vivo.9,10 The myriad of potential DNA-

NP sensing applications means it is critical to understand and control their properties.  

 The properties of DNA-NPs are dependent on their ligand shell composition, 

which typically consist of a single recognition sequence,3,11,12 a mixture of two different 

recognition strands9,13,14 or a mixture of recognition strands and diluent polyethylene-

glycol,13,15–17 polyadenosine18,19or polythymine16 ligands. The number of complementary 

sequences bound by DNA-NPs,18,20 their cellular uptake mediated by protein binding,15 
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resistance to oxidative decomposition17 and melting temperature of assembled DNA-

NPs19 are directly proportional to the number of recognition strands bound to the AuNP 

surface. DNA-NPs functionalized with mixtures of DNA sequences of different base 

compositions have defined targeting, signaling13 and regulatory properties.9 To produce 

DNA-NPs with desired properties, it is critical to control the DNA-NP ligand shell 

composition and to determine its impact on nanoparticle reactivity. Therefore, rigorous 

characterization of the ligand shell composition of DNA-NPs is of the utmost importance. 

 The number of DNA strands per AuNP is typically determined using the highly 

sensitive fluorescence ‘turn-on’18 or ‘turn-off’21,22 methods. In the ‘turn-on’ method, 

fluorophore-labeled DNA is attached to AuNPs and displaced by small thiol ligands 

before DNA quantification by fluorescent emission. In the ‘turn-off’ method, the 

fluorescent emission of a fluorophore labeled DNA solution is determined before and 

after incubation with AuNPs, and the DNA concentration is quantified from the decrease 

in fluorescence due to quenching by the AuNPs. Beer’s law is used to determine the 

concentration of AuNPs from their UV-visible absorbance at 520 nm. 

 The main drawback of these methods is that each sequence to be quantified must 

be labeled with a different fluorophore. These labels can affect DNA-NP ligand structure, 

reactivity and the number of recognition strands bound to each AuNP.23,24 To determine 

the DNA concentration using the fluorescent turn-on method, it must be assumed that all 

ligands are completely displaced from the surface of the DNA-NPs. This can be 

problematic because the rate and extent of thiol:thiol ligand exchange rates varies 

dramatically based on ligand identity.25 To determine the DNA concentration using 

fluorescent turn-off method, it must be assumed that the fluorophore is completely 
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quenched upon interacting with the AuNPs, which means only very short sequences can 

be used as ligands.26 Fluorophores are also time-consuming to synthesize, expensive to 

purchase and often bleach under light exposure.23 

 Label-free DNA sequences attached to AuNPs have been quantified using the 

Oligreen fluorescence assay15,27 and toehold displacement assay.23 These assays are 

suitable for quantifying sequences longer than 6 nucleotides27 and 18 nucleotides23 in 

length, but require specialized equipment and reagents. 

 A simple alternative approach would be to measure the UV-visible spectrum of 

the DNA-NPs, and use Beer’s law to determine the concentration of both AuNPs and 

DNA.  The concentration of AuNPs is conventionally determined using UV-visible 

spectroscopy, based on their absorbance at 520 nm (A520) and empirically determined 

extinction coefficients.28 AuNP extinction coefficients do not significantly change upon 

functionalization with DNA.18 Therefore established extinction coefficient values can 

also be used to determine the concentration of DNA-NPs. DNA concentrations are 

conveniently determined from their absorbance at 260 nm (A260) and extinction 

coefficients calculated using thermodynamic modeling. 29 

 One reason UV-visible spectroscopy has not been used to determine the DNA in 

solutions of AuNPs is because both AuNPs and gold salts also absorb at 260 nm.30 To use 

A260 to determine the DNA concentration in a mixture, the contributions to the 

absorbance from all other reaction solution components must be removed or subtracted 

from the spectrum. To eliminate the strong absorbance from the AuNP core, we thought it 

would be feasible to decompose the DNA-NPs by treatment with cyanide prior to 

determining the DNA concentration. Cyanide etching has long been used to extract gold 
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from ores and has previously been used to oxidatively decompose gold nanoparticles for 

quantification of DNA ligand shells based on fluorescence18 and radioactivity.31 

 In this paper, we describe a simple, inexpensive, general method to quantify any 

label-free DNA sequence bound to AuNPs of any core size. UV-visible absorbance 

spectroscopy was used to determine the number of DNA strands bound per AuNP.  

 We extended this method to determine the composition for two different label-free 

DNA sequences bound to AuNPs using UV-visible spectroscopy in conjunction with a 

commercially available dye assay. These data allowed us to refine the model for DNA 

adsorption onto AuNPs.  

EXPERIMENTAL 

Materials and Reagents  

 Citrate-stabilized AuNPs (dcore = 5 nm) were purchased from Nanocomposix (San 

Diego, California). All DNA samples were purchased from Integrated DNA Technologies 

(Coralville, Iowa). DNA sequences were purified by either the standard desalting method 

or HPLC. A “Quant-It” OliGreen ssDNA Assay kit was purchased from Thermo Fisher 

Scientific (Grand Island, NY). 50 kDa spin column purification membranes were 

purchased from Millipore (Darmstadt, Germany). Clear and amber 1.5 mL 

microcentrifuge tubes and opaque polypropylene black 96 well plates (Costar) were 

purchased from VWR (Radnor, PA). Sodium citrate dihydrate, hydrogen 

tetrachloroaurate hydrate and UV-transparent 96 well plates (Corning) were purchased 

from Sigma Aldrich (St. Louis, Missouri).  
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Instrumentation 

 UV-visible absorbance spectra of AuNP and DNA solutions were obtained using 

either a BioTek Synergy 2 instrument or a Mikropack DH-2000 UV-vis-NIR light source 

equipped with an Ocean Optics USB2000 spectrophotometer. UV-visible spectra of DNA 

were obtained using these or a Thermo Scientific Nanodrop 2000 spectrophotometer path 

length (10mm) and baseline corrected at 340nm. 

 The endpoint (after 5-15 minutes) fluorescent emission of the solutions were 

measured in 96-well opaque black well plates (Costar) using a Biotek Synergy 2 

instrument equipped with a tungsten lamp and filters (EX 485/20 nm, EM 528/20 nm). 

The data collection time was autoscaled, so that 80,000 counts were emitted from the 

well containing the highest concentration of DNA. 

Calculation of UV-visible Extinction Coefficients 

 AuNP extinction coefficients were calculated using their average core diameters 

(dcore = 12.3 nm: ε =1.98x108; dcore = 5.0 nm: ε = 9.96x106) and previously reported 

empirical data28. The error associated with these extinction coefficient values is 1-3%.28 

DNA sequence extinction coefficients (ε) were calculated using Integrated DNA 

Technologies’ “Oligo Analyzer” tool, which calculates values from thermodynamic 

modeling according to DNA base composition and nearest neighbors29(Table 2.1).  DNA 

extinction coefficient values are accurate within 4% error (IDT-DNA). Concentrations of 

AuNP solutions were determined from A520 and DNA concentrations were determined 

from A260.  
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Table 2.1: Names, primary sequences and calculated extinction coefficients29 of DNA 
sequences used. All sequences are labeled at their 5’ end with disulfide (HO(CH2)6S-S-
5’-DNA-3’)  
 
Name  DNA Primary Sequence Extinction Coefficient 

(Lmol-1cm-1) 

DNA1  5’-AGA GAA CCT GGG GGA GTA TTG CGG AGG 

AAG GT-3’ 

331 900 

DNA2  5’-A5-3’   63 400 

DNA3  5’-A12-3’ 147 400 

DNA4  5’-T5-3’   41 100 

DNA5  5’-CCC AGG TTC TCT-3’ 102 500 

 

Preparation of 12 nm DNA-NPs 

 12 nm citrate-stabilized AuNPs were synthesized using a modified literature 

method.32,33 Briefly, a 250 mL 3-neck round bottom flask, glass stopper, magnetic stir bar 

and condenser were cleaned using aqua regia and rinsed copiously with nanopure water. 

Sodium citrate dihydrate (408 mg, 1.39 mmoles) was dissolved in 200 mL nanopure 

water and brought to 100°C while stirring. HAuCl4 (1mL of 200 mM solution) was added 

using a micropipettor. The solution instantly turned dark blue, a color change previously 

attributed to nucleation.32 Within one minute, the solution turned a deep red color, 

indicating AuNPs were formed. AuNPs were stirred at 100°C for 20 minutes, then 

removed from heat and allowed to stir overnight before being characterized using Small 

Angle X-Ray Scattering (SAXS) and Transmission Electron Microscopy (TEM).  
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 The AuNP size determined by SAXS analysis was 12.3 ±1.9 nm (Figure A1; See 

Appendix A for A Figures). TEM analysis confirmed that the AuNPs were spherical 

(Figure A2). Complete descriptions of SAXS and TEM data acquisition methods are 

available in the Supporting Information. 

 AuNPs were functionalized with DNA using a modified literature method.21,34 

DNA and AuNP solutions were mixed together. Typically, AuNPs and DNA were mixed 

together to prepare reaction solutions containing 16 nM AuNPs and 16 uM DNA. 10x 

excess DNA was added to maximize DNA loading on the AuNPs, because a small but 

measurable increase in DNA density during functionalization was reported when excess 

DNA was used during ligand exchange.34 After 5 minutes, pH 3 citric acid buffer was 

added (10 mM). After 10 minutes, NaCl was added (70 mM). DNA and AuNPs were 

incubated overnight before being purified using four rounds of centrifugation (15 min at 

20 000g). DNA-NPs were redispersed in buffer containing 1mM pH 8.2 Tris Acetate and 

100 mM NaCl after each centrifugation step, and finally dissolved in 225 uL nanopure 

water. Fluorescence spectroscopy was used to determine that this method removed all 

excess DNA (Figure A3a). After each purification, UV-visible spectroscopy was used to 

confirm that most excess DNA (>>99%) is removed.  

Preparation and Analysis of 5 nm DNA-NPs 

 The same procedures (with modifications) were used to prepare DNA-NPs from 

purchased 5 nm AuNPs (Nanocomposix, San Diego) and to analyze their ligand shell 

composition. SAXS analysis confirmed the AuNPs were 5.0 ± 0.5 nm and TEM 

confirmed they were spherical. DNA and AuNPs were mixed together. Reaction solutions 

contained 90 nM AuNPs and 13.5 uM DNA. DNA-NPs were purified by centrifuging 
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five times (9 min at 13 500g) above a spin filter membrane with a 50 kDa molecular 

weight cutoff, discarding each flow-through. Fluorescence spectroscopy was performed 

to determine that this method removed all excess DNA (Figure A3b). DNA-NPs were 

eluted according to the manufacturer’s instructions and redispersed using 230 uL 

nanopure water.   

UV-visible Spectroscopy Determination of DNA Strands per Nanoparticle 
 
 The number of DNA strands per AuNP was calculated by dividing the DNA 

concentration by the AuNP concentration. The concentration of DNA-NPs in each sample 

was determined using the A520 and calculated extinction coefficient of AuNPs of the same 

core size.  The concentration of DNA in each sample was determined using the A260 and 

calculated extinction coefficient of the DNA sequence.  

 KCN solution (100 mM) was prepared in nanopure water adjusted to pH 12 using 

NaOH. KCN solution was mixed with 12 nm AuNPs or DNA-NPs and allowed to react 

overnight before measuring the resultant UV-visible absorbance spectrum. At minimum, 

8 moles KCN (4 equivalents) were added for every mole of Au atoms (15 mM typically). 

The DNA A260 was determined by subtracting the contribution of decomposed AuNPs 

from the A260 of the DNA-NP decomposition reaction solution. The concentration of DNA 

in each sample was determined based on its extinction coefficient and DNA A260. 

 To validate our method, Quant-It’s ssDNA Oligreen quantification assay27 was 

used to determine the DNA in the decomposed AuNP solutions, using the supplier’s 

instructions. Briefly: a series of standard DNA solutions (80 nM, 40 nM, 20 nM and 8 

nM) were prepared. The decomposed DNA-NP A260 was used to determine how much to 

dilute the decomposed DNA-NP samples for the Oligreen assay. Buffer (10 mM pH 7.5 
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Tris-HCl, EDTA:1 mM) and water were added to each sample, then Oligreen dye. They 

were incubated 5-10 minutes before measuring the final fluorescent emission of the dye. 

The decomposed AuNPs did not affect the assay results. 

 To perform ligand shell analysis on the 5 nm DNA-NPs, the same procedure was 

followed, except 2.5 moles KCN (1.25 equivalents) were added for every mole of Au 

atoms (typically 2-3 mM). 

UV-visible and Fluorescence Spectroscopy Determination of Two DNA Sequences Co-

Conjugated to Gold Nanoparticles 

 
 The number of strands of each DNA per AuNP was determined by dividing the 

concentration of each DNA sequence by the concentration of AuNPs. The concentration 

of DNA-NPs was determined as described previously. The concentration of the longer 

DNA strand was determined using the Oligreen dye assay and used to calculate the 

number of DNA strands per AuNP. The extinction coefficient of the longer DNA strand 

was then used to determine its contribution to A260 decomposed DNA-NPs. The 

absorbance of the shorter DNA strand was then calculated by subtracting the 

contributions from the decomposed nanoparticles and the longer DNA strand from A260 

decomposed DNA-NPs, and using the DNA’s extinction coefficient to calculate its 

concentration. The percentage of each strand in the ligand shell was then calculated. 

RESULTS AND DISCUSSION 

 Our initial strategy to quantify the number of DNA strands per AuNP was to 

determine the concentration of the DNA-NPs from their A520, decompose the DNA-NPs 

using KCN (Figure 2.1) and quantify the DNA based on A260. DNA-NPs were prepared 
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using an established method,34 and purified by centrifugation (Figure A3) before being 

characterized using UV-visible spectroscopy. 

 

Figure 2.1: Overall strategy for quantifying DNA bound to AuNPs using UV-visible 
spectroscopy. (1) The concentration of DNA-NPs is determined from their absorbance at 
520 nm. (2) DNA-NPs are decomposed using KCN, and (3) the absorbance of the 
resultant solution is measured at 260 nm. The concentration of DNA is determined from 
its A260, as shown in the equation. 
 
 As expected, the solution of DNA-NPs (Figure 2.2a) exhibited a UV-visible 

absorbance peak characteristic of AuNPs at 520 nm and an absorbance peak characteristic 

of DNA at 260 nm. The latter absorbance was absent from the UV-visible spectrum of 

AuNPs of the same core size (Figure 2.2b), which was normalized to have the same A520 

as the DNA-NPs. The fact that A260 is larger for the citrate-stabilized AuNPs than the 

DNA-NPs indicates they contain a small but appreciable amount of gold salts or small 

gold clusters. DNA stabilizes the AuNPs, making it possible to extensively purify the 

AuNPs, during which unreacted gold salts and clusters are removed. Sodium citrate 

forms a weakly bound ionic ligand shell on the AuNP surface, so extensive purification of 

the AuNPs causes irreversible aggregation, which must be avoided. Therefore, DNA A260 

cannot be directly determined from the DNA-NP absorbance spectrum. 
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 We decomposed DNA-NPs and AuNPs using KCN and then measured the UV-

visible spectra of the resultant solutions (Figure 2.2c and 2.2d). The reaction between 

citrate-stabilized AuNPs and KCN appeared to be complete in 10-15 minutes based on 

the UV-visible spectrum. DNA-NP decomposition took longer, so all subsequent 

decomposition reactions were incubated overnight, adding excess KCN to increase the 

reaction rate. 

 

Figure 2.2: UV-visible absorbance spectra of solutions containing AuNPs before and 
after oxidative KCN decomposition. (a) Intact 12 nm DNA-NPs (b) Intact citrate-
stabilized 12 nm AuNPs (c) Products from reaction between 12 nm DNA-NPs and KCN 
(d) Products from reaction between 12 nm AuNPs and KCN 
 
 The decomposed DNA-NPs strongly absorbed light at 230 nm and 240 nm, in 

addition to the characteristic DNA absorbance at 260 nm (Figure 2.2c). These peaks are 

characteristic of the KAu(CN)2 salt formed during nanoparticle decomposition,35 and 
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solutions resulting from reacting citrate-stabilized NPs (Figure 2.2d) with KCN also 

absorb at those wavelengths. The baseline absorbance of decomposed AuNPs approached 

zero near 350 nm at the endpoint of the reaction with KCN, and the spectrum did not 

change afterwards. The reaction solutions appeared colorless by eye before the AuNPs 

were fully decomposed. Therefore, A350 was used to assess the endpoint of the reaction 

between KCN and AuNPs prior to quantifying the ligand shell. 

To determine the DNA concentration from A260, the overlapping contribution 

from KAu(CN)2 must be removed. If the KAu(CN)2 A260 primarily arises from products 

of the reaction between KCN and AuNPs, the absorbance should be directly related to the 

initial AuNP concentration. Solutions containing different concentrations of AuNPs were 

reacted with KCN and their UV-visible absorbance spectra measured. A260 of the 

resultant solutions directly correlated with the initial AuNP concentration (Figure 2.3a). 

A plot relating A260 of the decomposed AuNPs to the initial AuNP concentration (Figure 

2.3b) was prepared. The fact that the plot was linear meant this could be used as a 

calibration curve to predict A260 for unknown solutions of DNA-NPs.   

 

Figure 2.3:  (a) Representative UV-visible spectra of solutions prepared by reacting 
various concentrations (3.5-14.2 nM) of 12 nm AuNPs with KCN (b) Calibration curve 
used to determine the contribution of decomposed AuNPs to decomposed DNA-NP 
absorbance spectra (n = 24) 
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UV-visible Spectroscopy Determination of DNA Bound to AuNPs 
 

We prepared AuNPs functionalized with DNA1, determined the DNA-NP 

concentration from A520 and used Equation 1 to determine A260 of DNA1. Using DNA1’s 

extinction coefficient (Table 2.1) and Beer’s law, we determined that there were 58±7 

DNA strands per 12 nm AuNP (n=9).  

A260 DNA1 = A260 dDNA-NPs - A260 dNPs  (Equation 1) 

To validate our method, we also quantified the number of DNA1 strands per 

AuNP using an established Oligreen fluorescent dye assay.15,27 The value calculated 

using this method (59±4) agreed with that calculated using our method within 1% error, 

which is within the experimental error introduced by determining the AuNP 

concentration using UV-visible spectroscopy. This validates our use of UV-visible 

spectroscopy to determine DNA bound per AuNP.  

 This value is lower than the number of DNA strands per AuNP previously 

reported by Zhang and coworkers34 who found that ~85 DNA strands of a 12 base 

sequence were attached per 13 nm AuNP.  It is therefore likely that part of DNA1 lies flat 

on the surface of the AuNPs during functionalization, and electrostatically or sterically 

hinders the adsorption of additional DNA, leading to the lower number of strands per 

AuNP, as suggested by others who observed DNA base-dependent surface coverage on 

planar gold surfaces36 and AuNPs37. 

UV-visible and Fluorescence Spectroscopy Determination of Two DNA Sequences Co-

conjugated to AuNPs 

 
DNA-NPs functionalized with mixed ligand shells and diluted ligand shells are of 

growing importance due to their defined targeting, signaling13 and regulatory properties.9 
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DNA-NPs functionalized with limited numbers of recognition strands have been 

developed as building blocks for programmable materials.2,38–40 Short DNA sequences 

have been used to dilute the ligand shell of DNA-NPs to tune the number of DNA 

recognition sequences displayed on the surface of DNA-NPs.14,16 Diluting the number of 

recognition strands is advantageous as it promotes DNA hybridization18,20,41 while 

maintaining DNA-NP colloidal stability. 

 Given the importance of using mixed and diluted DNA ligand shells to control 

DNA-NP reactivity, we wanted to extend our technique to be able to determine the ligand 

shell composition of AuNPs functionalized with more than one label-free sequence. We 

prepared DNA-NPs functionalized with mixtures of two DNA strands by performing 

ligand exchanges on 12 nm AuNPs using solutions containing various molar ratios of 

DNA1:DNA2. Determining the concentration of each sequence and dividing it by the 

AuNP concentration (Figure 2.4) allowed the percentage of DNA1 in the ligand shell to 

be determined. 

 The concentration of DNA-NPs was determined using UV-visible spectroscopy 

and the nanoparticles were decomposed using KCN. The UV-visible spectrum of the 

resultant solution was measured. The longer sequence, DNA1, was determined using the 

Oligreen dye assay. The DNA1 concentration and its extinction coefficient were used to 

determine its A260. A260 DNA2 was then calculated from A260 decomposed DNA-NP 

solution by subtracting the contributions from KAu(CN)2 and DNA1, and then using its 

extinction coefficient to determine its concentration. 
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Figure 2.4: UV-visible spectroscopy and fluorescent spectroscopy determination of DNA 
bound to AuNPs. (1) The concentration of DNA-NPs is determined from A520, and used 
to determine A260 KAu(CN)2. (2) DNA-NPs are decomposed using KCN (3) A260 of the 
resultant solution is measured.  (4) The concentration of DNA1 is determined from a 
linear (typical R2= 0.999) calibration curve relating DNA1 concentration to Em528 and 
used to calculate A260 DNA1. A260 DNA2 is determined by subtracting A260 DNA1 and 
A260 KAuCN2 from A260 solution. The DNA2 concentration is then calculated using its 
extinction coefficient. 
 
 DNA1 was under-represented in the AuNP ligand shell after functionalization 

(Figure 2.5), and there was a non-linear relationship between the percentage of DNA1 

during ligand exchange and the percentage of DNA1 bound to the AuNPs. This was not 

surprising, because the DNA1 sequence is longer and less adenosine rich. The adsorption 

rate of unthiolated42 and thiolated43 DNA sequences to AuNPs is inversely related to the 

chain length of the sequence. The initial rate of DNA adsorption is directly related to the 

base content of the sequence, with polyadenosine sequences exhibiting the highest 

adsorption rate.44  
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 Figure 2.5: Ligand shell composition of DNA-NPs prepared by mixing 12 nm AuNPs 
with various amounts of DNA1 and DNA2 sequences. The percentage of DNA1 in the 
ligand shell was determined using UV-visible and fluorescence spectroscopy.   
 The indeterminate error associated with determining the percentage of DNA1 in 

the ligand shell was 2.6%, which reflects the variance between A260 DNA1 determined 

from UV-visible vs. fluorescence spectroscopy.  

Determination of Label-free DNA Sequences Bound to 5 nm AuNPs 
 
 5 nm AuNPs functionalized with DNA are of interest for fundamental and applied 

studies. They are convenient for studying assembly of DNA-NPs in solution, because 

assembled 5 nm DNA-NPs are less prone to precipitation and therefore produce more 

uniform SAXS patterns.45 Small AuNPs are often preferred for in vivo bioimaging and 

drug delivery experiments because of their increased propensity to enter cells.8,46 Because 

different sizes of DNA-NPs are desirable for different applications, we wanted to 

evaluate whether our method could be extended towards determining DNA bound to 

AuNPs of more than one core size. 

 Solutions containing different concentrations of 5 nm AuNPs were prepared and 

decomposed, and their UV-visible spectrum was measured. 5 nm AuNPs contain fewer 

gold atoms than 12 nm AuNPs, so they exhibited a lower A260 when decomposed.  A260 of 

the decomposed 5 nm DNA-NP solutions varied linearly with the original NP 
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concentration (Figure 2.6a). A260 of decomposed 12nm and 15 nm AuNPs also varied 

linearly according to their concentration prior to decomposition (data not shown).  

 

Figure 2.6: (a) Calibration curves for determining A260 of decomposed citrate-stabilized 
AuNPs (b) Percentage DNA1 in ligand shell of 5nm AuNPs functionalized from different 
feed ratios of DNA1:DNA2 sequences. 
 
 5 nm DNA-NPs were prepared by incubating AuNPs with DNA1.  The number of 

DNA1 strands per 5 nm AuNP (n = 9) was analyzed using spectrophotometry (18±2) and 

the fluorescent dye assay (15.1±0.8), which means the calculated ranges of DNA per 

AuNP agreed reasonably well. Our UV-visible based method is therefore suitable for 

determining the DNA bound to more than one size of AuNP. 

 We wanted to further extend our technique towards calculating DNA per AuNP on 

5 nm AuNPs, so we performed ligand exchanges on AuNPs in solutions containing 

various ratios of DNA1:DNA2 ligand and analyzed them as done for the 12 nm DNA-

NPs. The ligand shell composition of small DNA-NPs exhibited a similar trend to that of 

the 12 nm DNA-NPs, with DNA1 being under-represented in DNA-NP ligand shell 

(Figure 2.6b). Interestingly, the percentage of DNA1 in the ligand shell of 5 nm DNA-

NPs was higher than in the ligand shell of the 12 nm DNA-NPs when the same feed ratio 

of ligands was used. For example, solutions containing 75% DNA1 during ligand 
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exchange produce 12 nm DNA-NPs functionalized with 15 ± 3 % DNA1 and 5 nm DNA-

NPs functionalized with 23 ± 3 % DNA1. The percentage of DNA1/DNA1max (the 

maximum number of DNA1 per AuNP) increased from 28% (12 nm DNA-NPs) to 50% 

(5 nm DNA-NPs).  

 If chain length and adenosine content were the only factors influencing DNA 

adsorption, AuNPs of different core sizes functionalized using the same feed ratios of 

DNA sequences would produce DNA-NPs with the same ligand shell composition. 

Instead, the adsorption of longer DNA sequences is promoted by increasing the AuNP 

radius of curvature, which suggests a more complex reaction mechanism.  

 Based on our observation that the percentage of DNA1 in the ligand shell is 

dependent on the AuNP radius of curvature and existing evidence from previous 

literature, we propose a two-stage model for DNA adsorption under our conditions, in 

which the disulfide-terminated DNA sequences (i) non-specifically (via DNA bases) 

adsorb to AuNPs at pH 7 and (ii) re-arrange to form thiol bonds and permit additional 

DNA binding at pH 3.  

 Zhang et al.21 observed that to maintain AuNP stability during DNA-NP 

preparation, DNA must be incubated with AuNPs for 1 minute prior to adding pH 3 citric 

acid buffer (30 mM Na+), suggesting that thiolated DNA strands adsorb quickly onto the 

AuNPs.  DNA adsorption onto AuNPs at pH 7 is dependent upon the sequence chain 

length42,43 and base composition.44 Wang et al.43 found that thiolated DNA adsorbed 

quickly and non-specifically to the surface of AuNPs and rearranged to permit additional 

specific binding between DNA and AuNPs, but that nonthiolated DNA adsorbed non-
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specifically in a single fast step. This suggests that the DNA adsorbs quickly and non-

specifically during the first stage of our procedure. 

 Hurst et al.37observed that the final surface coverage of DNA on AuNPs is 

inversely related to the adenosine content of the sequence near the thiol anchoring group, 

suggesting that bases near the thiol anchoring group continue to lie flat and interact 

strongly with the gold surface after the AuNPs are saturated with DNA. Additional DNA 

binding took place when interactions with the surface were disrupted by sonication.37 

Bringing the solution to pH 3 protonates the adenosine residues,47 thereby reducing their 

binding affinity for the gold, and adding salt reduces electrostatic repulsion between 

DNA strands on the AuNPs and DNA in solution. DNA can thus rearrange and additional 

binding can occur after adding the buffer and salt to our ligand exchange reaction 

mixtures.  

 During this rearrangement and additional binding step at pH 3, adsorption of the 

bulky DNA1 ligand is hindered, resulting in an increase in the DNA2 content on the 

surface of the AuNPs even when it is a minor component of the ligand exchange mixture. 

This effect is less for AuNPs with a larger radius of curvature, because the gold surface is 

more accessible for binding. These results therefore support a model for disulfide-

terminated DNA adsorption in which there is fast non-specific adsorption of DNA to the 

gold surface dictated by chain length and base composition, followed by rearrangement 

and specific binding to the AuNPs. 

Strengths and Limitations of Method 

 UV-visible spectroscopy is sufficiently sensitive to determine the number of DNA 

strands bound to gold nanoparticles at typical DNA-NP sample concentrations. For 
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convenience, we used a plate reader to make our UV-visible measurements. Using a 

small path length spectrometer (i.e. the nanodrop) to perform the same set of 

measurements would greatly decrease the sample volume required for quantification. 

For our method to be accurate, the solution must be free of other species that 

absorb light at 260 nm. Dilute buffer must be used during nanoparticle purification 

because commonly used purification buffers exhibit a small but appreciable absorbance 

at 260 nm (Figure A4).  

 Any two DNA sequences that exhibit greatly different reactivity towards a 

commercially available fluorescent dye can be quantified using our method. 

Oligonucleotide sequences that are short and/or contain few thymine residues do not 

affect dye assay quantification of other DNA sequences (Figure A5).27 This method is 

thereby applicable to any set of label-free sequences that vary significantly in length or 

thymine composition. For example, the ligand shell composition of NPs concurrently 

modified using DNA1 and DNA3 sequences can be quantified (Figure A5b), as can NPs 

modified using DNA1 and DNA4 ligands (Figure A5c) or DNA2 and DNA5 ligands 

(Figure A5d).  

 To quantify co-conjugated sequences of similar length, our method can be used 

concurrently with a different technique. For mixtures of sequences that are longer than 18 

nucleotides, one ligand can be quantified using our method, and the other using 

sequential strand displacement by DNA “toehold sequences”.23  

CONCLUSION 

 We developed a rapid, convenient and inexpensive method to quantify the number 

of label-free DNA strands attached to AuNPs. The number of strands per nanoparticle 
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was easily determined from solutions of DNA-NPs at concentrations typically used in 

sensing assays. Our technique is broadly applicable, because it can be used to determine 

the number of DNA strands of any base composition attached to AuNPs of any core size. 

UV-visible spectroscopy was used in concert with a conventional Oligreen dye 

assay to determine two different label-free DNA sequences co-conjugated to AuNPs, 

without requiring specialized probes. The results of the analysis performed on DNA-NPs 

with mixed ligand shells support a model for disulfide-terminated DNA adsorption in 

which there is fast non-specific adsorption of DNA to the gold surface dictated by chain 

length and base composition, followed by rearrangement and additional binding to the 

gold surface. 

 Our method could be further extended to quantify other ligands with visible 

absorbance signatures that overlap with that of decomposed gold nanoparticles, such as 

other nucleic acids48 and synthetic peptides.49,50 It could also be used to determine DNA 

bound to silver nanoparticles, which have been assembled in solutions and on 

surfaces,51,52 and undergo oxidative decomposition by KCN.53 

 Using this approach, the ligand shell composition of a large of library of 

nanoparticles functionalized with mixed label-free DNA ligand shells can be precisely 

determined. It will therefore enable rapid screening of nanomaterial properties as a 

function of ligand shell composition. This will lead to our enhanced understanding of 

nanoparticle structure-property relationships, and lead to production of nanoparticles with 

precisely engineered assembly, sensing and gene regulation properties.  
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BRIDGE 

 Having developed a rapid, convenient method to determine the number of active 

and diluent strands bound to AuNPs, we sought to develop a deeper understanding of the 

relationship between the AuNP ligand shell composition and reactivity. Chapter 3 

explores the effect of changing the arrangement of AuNPs and DNA strands within AuNP 

assemblies on their disassembly-based sensing properties. 
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CHAPTER III 

EFFECT OF ASSEMBLY ARRANGEMENT ON STRUCTURE AND REACTIVITY 

OF DNA APTAMER-LINKED GOLD NANOPARTICLE SYSTEMS 

Note: Portions of Chapter III are expected to appear in an upcoming publication 

co-authored with James E. Hutchison I designed and performed the experiments and 

composed the manuscript corresponding to Chapter III. James E. Hutchison was the 

principle investigator for this work and provided experimental and editorial guidance. 

INTRODUCTION 

Twenty years ago, it was demonstrated that DNA strands tethered to gold 

nanoparticles (AuNPs) can direct their assembly in solution.[1,2] It was subsequently 

found that the primary sequence of linking DNA strands and the DNA-NP assembly 

arrangement can control the inter-particle spacing inside large two-dimensional and 

three-dimensional AuNP arrays.[3–8] More recently, it has been shown that DNA aptamers 

can control the assembly[9–12] or disassembly[13–18] of AuNPs, creating a new class of 

highly specific biosensors.  

Aptamers are short (<100 nucleotide) single-stranded DNA or RNA sequences 

that fold into complex 2 or 3-dimensional structures to bind their analyte with high 

affinity and specificity.[19,20] Many biosensors exploit the ability of DNA aptamers to 

initially bind a complementary DNA sequence, then switch conformations to bind their 

target analyte.[20–24]  Tethering the aptamer sequence to a response element whose 

properties change as the aptamer switches conformations is a powerful way to transduce 

molecular binding events into colorimetric responses.[21,22,24] The optical properties of 
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AuNPs make them ideal response elements for biosensors, because their surface plasmon 

resonance (SPR) peak shifts as a result of AuNP assembly or disassembly.[25–28] 

In AuNP disassembly-based biosensors, aptamer-containing strands act as a linker 

between DNA strands on neighboring AuNPs (Figure 3.1a), thereby forming extended 

AuNP assemblies.[13–17] The plasmons of AuNPs within the assembly are coupled, 

causing their SPR peak to shift to longer wavelengths and broaden.[29–31] As the aptamers 

change conformation to bind the analyte, AuNPs separate, causing their SPR peak to 

return to shorter wavelengths and become narrow.[13,15–17]  

 

Figure 3.1: Aptamer-mediated assembly systems. (a) System I: DNA-NPs linked 
together by binding an untethered crosslinking strand (b) System II: DNA-NPs directly 
hybridized with large (approx. 11 nm) inter-particle distances (c) System III: DNA-NPs 
directly hybridized at small (approx. 4 nm) inter-particle distances. (d) System IV: DNA-
NPs with diluted ligand shells are directly hybridized at small (approx. 4 nm) inter-
particle distances. 
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In most aptamer-mediated disassembly sensors, the AuNPs are designed to 

maximize the number of linkages between DNA-NPs in the assembly. The DNA-NPs 

form large insoluble assemblies spanning several microns, which must be agitated just 

prior to measurement.[15,16] The large size of the assemblies formed using linker-mediated 

nanoparticle assembly, and the large number of linkages between DNA-NPs, leads to the 

sensor response being much less sensitive and reproducible than if smaller assemblies 

were used.[13] In the existing colorimetric aptamer-mediated AuNP disassembly-based 

sensor, the lowest adenosine concentration that produces a colorimetric response (the 

sensor’s limit of detection, LOD)[15] is higher than biologically relevant adenosine 

concentrations.[32–34] 

Adenosine is a highly important biomarker for hypoxia and ischemia.[32–

34]Adenosine plays a critical role in the body’s cardiovascular, nervous and immune 

systems,[35] signal transduction and neuromodulation.[36] It has therefore been the subject 

of intense research activity, and adenosine sensing has been used as the proof of concept 

reaction for a number of new biosensors. Adenosine sensors with detection based on 

luminescence, [37–40] enzymatic assays,[35,41–44] electrochemical reactions,[45–51] surface-

enhanced raman spectroscopy,[52,53] fluorescent resonance energy transfer,[38,54–58] 

aptazyme disassembly,[14] liquid chromatography mass spectrometry,[59]flow 

cytometry,[60] split aptamer nanoparticle assembly,[61] quartz crystal microbalance,[62] 

resonance light scattering,[45] and nanoparticle-based lateral flow assays have been 

produced.[18] Some of these sensors report extremely impressive detection limits, with 

polymerization-based detection reporting the lowest detection limit at 20 pM. However, 
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many of these detection methods require significant technical expertise and equipment, 

and/or would not detect the difference between typical extracellular adenosine 

concentrations and those during ischemia. The ideal sensing platform would be 

sufficiently sensitive, respond to adenosine over a reasonable quantification range and be 

colorimetric in nature so that the approximate adenosine concentration could be 

determine using a simple handheld device such as a camera or cell phone. 

To realize the full potential of aptamer-mediated nanoparticle sensors, their design 

must be improved so they can respond to biologically relevant analyte concentrations. 

This requires a systematic understanding of the variables that influence aptamer-mediated 

assembly and disassembly. The goal of this study was to investigate the impact of the 

DNA assembly arrangement and the density of the DNA recognition sequences on DNA-

NP assembly/disassembly chemistry, thereby elucidating design rules for developing 

sensitive aptamer-based sensors. 

 To accomplish this goal, three sets of aptamer-functionalized nanoparticles 

(aptamer-NPs) and cDNA-functionalized nanoparticles (cDNA-NPs) were designed to 

form different assembly systems (Figure 3.1b, 3.1c and 3.1d). Each aptamer-containing 

sequence contained two overlapping regions: the adenosine aptamer sequence[63] and a 

cDNA-binding sequence.  The aptamer-NPs initially directly bind cDNA-NPs, forming 

AuNP assemblies. Upon adding adenosine, the aptamer strands change conformation to 

bind adenosine instead, resulting in disassembly. 

Our initial prediction was that decreasing the size of the assemblies and the 

number of linkages between DNA-NPs would increase the sensitivity of these sensors by 

decreasing the number of bonds between AuNPs required to be broken before a 
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colorimetric response is generated. Our strategy to reduce the size of the AuNP 

assemblies was to directly hybridize DNA on neighboring AuNPs to one another 

(Assembly Systems II, III and IV), which favors formation of smaller, less ordered DNA-

NP assembly systems[6].  

It has been demonstrated that increasing the distance between individual DNA-

NPs inside Assembly System I increases the melting temperature of the assembly and 

decreases its ability to disassemble via aptamer-analyte interactions.[17] We therefore 

anticipated that the distance between AuNPs inside Assembly Systems II-IV would be 

directly related to the extent of AuNP assembly and inversely related to the ability of the 

assemblies to sense adenosine. Diluting the DNA-NP ligand shell (Assembly IV, Figure 

3.1d), thereby reducing the number of reactive groups on the DNA-NPs, was expected to 

reduce the number of connections formed between DNA-NPs.  We hypothesized that this 

would decrease the limit of detection for our sensing platform by reducing the number of 

successful aptamer-analyte interactions required to generate a colorimetric response. 

 The arrangement of AuNPs and DNA within these systems had a dramatic impact on 

the extent of AuNP assembly and aptamer-mediated disassembly. We demonstrated that 

diluting the ligand shells of DNA-NPs increases their hybridization efficiency, and that 

decreasing the inter-particle distance within the assembly system decreased the stability 

of the assembly, facilitating disassembly-based sensing of adenosine. We develop a 

sensing platform with a lower detection limit and larger range of quantification than 

existing sensors. Our results have important implications for the future design of sensors 

based on aptamer-mediated nanoparticle diassembly, because they identify key criteria 

for the future design of materials with enhanced properties. 
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RESULTS AND DISCUSSION 
 
Preparation and Assembly of DNA-NPs and DNA/PEG3-NPs 

To test the impact of the inter-particle distance and DNA ligand density on the 

assembly and reactivity of DNA aptamer-linked gold nanoparticle systems, we 

prepared a series of DNA-NPs designed to form Asssembly Systems II, III and IV 

(Figure 3.1).  

DNA-NPs needed to form Assembly Systems II and III were prepared by 

mixing the aptamer or cDNA sequence with 12 nm AuNPs,[64] then adding pH 3 citric 

acid buffer and NaCl.[65,66] The reaction solution was then incubated overnight.[64] The 

disulfide at the end of the DNA strand forms a thiolate bond with the surface of the 

AuNPs without being reduced beforehand.[64,66–68] 

DNA/PEG3-NPs designed to assemble into System IV were prepared by 

introducing a bunte salt-terminated ligand composed of three polyethylene glycol units 

(NaSO3S(CH2CH2O)2CH2CH2OH, PEG3)[69] during ligand exchange. Once bound to 

the AuNPs, the PEG3 ligand is thought to be neutrally charged.[70] DNA strands bound 

to AuNPs exert substantial electrostatic repulsive forces towards neighboring DNA 

strands,[71] so DNA diluent ligands could contribute substantial enthalpy and entropy 

costs  during DNA hybridization.[72] To encourage DNA-NP assembly, we therefore 

selected a neutral diluent ligand. PEG chain ligands are also biocompatible.[27,73] We 

selected a bunte salt-terminated ligand instead of a thiol ligand because they form gold-

thiolate bonds without requiring reduction by dTT or TCEP.[70] To prepare 

DNA/PEG3-NPs, disulfide-terminated DNA sequences and PEG3 were mixed and 
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added to AuNPs, followed by pH 3 citric acid buffer and NaCl. This reaction solution 

was incubated 18 hours before purification.  

DNA-NPs and DNA/PEG3-NPs were purified by four rounds of centrifugation, 

and stored in water for 2-3 days before assembling. UV-visible spectroscopy and 

fluorescence spectroscopy were used to quantify their ligand shells (Table 3.1).[64]  

Table 3.1: Number of DNA strands attached to DNA-NPs and DNA/PEG3-NPs 

Assembly System Number of aptamer 
strands per AuNP 

Number of cDNA strands 
per AuNP 

II 27±1 124±1 

124±4 III 59±1 

IV 21±1 55±7 

 

The surface density of cDNA strands attached to DNA-NPs (Systems II and III) 

was higher than the number of DNA strands per AuNP previously reported by Zhang 

and coworkers[66] who found that ~85 DNA strands of a 12 base sequence were 

attached per 13 nm AuNP.  This makes sense because we added excess DNA during 

our ligand exchange, whereas they did not. The assembly system therefore had a 

minimal impact on the number of cDNA strands bound per AuNP. 

Despite the fact that the aptamer-containing strands in Systems II and III were 

the same length, the position of disulfide group within the aptamer sequence did have a 

large influence on the number of aptamer strands attached to each AuNP (Table 1). The 

surface density of aptamer strands attached to DNA-NPs designed to assemble into 

System III was the same as we previously reported,[64] but the density of aptamer 
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strands attached DNA-NPs designed to assemble into System II was much lower. The 

base composition near the DNA anchoring site to the AuNPs therefore had a large 

effect on the number of DNA strands adsorbed to the AuNP surface during ligand 

exchange.[64,74] AuNPs co-conjugated with DNA recognition sequences and the PEG3 

ligand were functionalized with a lower number of recognition strands than those 

prepared without PEG3. 

Having prepared the DNA-NPs and DNA/PEG3-NPs, we proceeded to 

assemble them. The concentration of AuNPs in each solution was determined using 

UV-visible spectroscopy, using the AuNP extinction coefficient and A520.[64]  

Aptamer-NPs and cDNA-NPs were mixed in a 1:1 ratio in buffered solutions 

containing 300 mM NaCl and incubated at 4°C. AuNP assemblies were isolated by 

centrifugation, and redispersed in buffered solutions containing 150 mM NaCl for 

characterization. We estimated the percentage of AuNPs incorporated into assemblies 

by dividing the Aλmax of assembled AuNPs by the Aλmax of AuNPs.[3] 

Characterization of Structure and Reactivity of Assembly System II 

DNA-NPs designed to form Assembly System II (Figure 3.2a) began to change 

color from pink to purple within minutes of mixing them at room temperature. The DNA-

NPs were incubated at 4°C for 3 days. 98% of DNA-NPs designed to form System II 

were incorporated into assemblies.  

The UV-visible absorbance spectrum of Assembly System II (Figure 3.2c) 

changed in several ways compared to that of the individual DNA-NPs. The SPR peak of 

the AuNPs shifted (11 nm) to longer wavelengths.  The maximum absorbance value of 

the solution decreased and the full width half maximum (FWHM) value of its absorbance 
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peak increased by 106 nm. These spectral changes are characteristic of AuNP 

assembly.[29]  

In TEM micrographs (Figure 3.2d), we observed a mixture of dimers, trimers and 

larger groups containing hundreds of DNA-NPs. This corroborated the conclusions 

drawn from our UV-visible spectroscopy data, and confirmed formation of Assembly 

System II. 

We initially predicted that Assembly System II would produce smaller assemblies 

than Assembly System I. Previous studies performed on directly hybridized DNA-NPs 

suggest that the DNA binding rearrangements required for assemblies to equilibrate into a 

highly ordered structures are inhibited in these systems due to local DNA crowding and 

hybridization costs.[6]  

The UV-visible spectroscopy and TEM data generated from observing Assembly 

System II support our hypothesis that it forms smaller assemblies than Assembly System 

I. Assembly System II exhibited a smaller SPR shift and increase in FWHM than 

Assembly System I.[14,15] The relatively modest shift in the AuNP SPR suggests that 

fewer AuNPs were incorporated into the resultant assemblies.[3] While some of the 

assembled DNA-NPs formed structures approaching 500 nm in size, Assembly System II 

they did not form large assemblies spanning several microns in size and containing many 

thousands of DNA-NPs, as reported for Assembly System I.[15] 

Having confirmed that DNA-NPs assembled, we proceeded to mix Assembly 

System II with adenosine (Figure 3.2b), and characterized the resultant solution using 

UV-visible spectroscopy and TEM. Assembly System II’s SPR peak did not change after 
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adding adenosine (Figure 3.2c). TEM micrographs confirmed that Assembly System II 

remained assembled after adding adenosine (Figure 3.2e).  

 

 

 
Figure 3.2: (a) Assembly System II DNA sequence binding arrangement, with aptamer 
portion of the sequence underlined. (b) Cartoon of assembled DNA-NPs reacting with 
adenosine. (c) Absorbance spectra of DNA-NPs before and after assembly, two minutes 
after mixing with 2mM adenosine. (d) Representative TEM micrograph of Assembly 
System II (e) Representative TEM micrograph of Assembly System II after adding 
adenosine. 
 

These pieces of evidence, and the fact that the DNA-NPs readily assembled at 

room temperature, suggest that Assembly System II was too stable for the aptamer to de-

hybridize and bind the analyte and provide the desired sensing response. In Assembly 

System III, the distance between DNA-NPs within the assemblies was decreased. 
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Characterization of Structure and Reactivity of Assembly System III 

 
DNA-NPs designed to form Assembly System III (Figure 3.3) did not begin 

assembling at room temperature. They were incubated at 4°C for eight days before a 

pellet appeared to form. Approximately 8% of DNA-NPs designed to form System III 

appeared to be incorporated into assemblies.  However, the SPR peak of these 

assemblies did not shift to longer wavelengths after this incubation or after adding 

adenosine (Figure 3.3c). This suggests that DNA-NPs designed to form Assembly 

System III merely settled out of solution at 4°C. 

DNA-NPs designed to form Assembly System III exhibited much lower 

hybridization efficiency than those designed to form Assembly System II. Theoretical 

modeling predicts that DNA hybridization near DNA tethering sites proceed at much 

slower rates than DNA hybridization further away from the surface.[75] The distance 

between individual DNA strands bound to AuNPs is smaller near the AuNP surface, 

which increases the magnitude of the repulsive electrostatic forces they exert on one 

another.[71] We hypothesized that diminishing the electrostatic forces between DNA 

strands on the AuNPs could increase their hybridization efficiency. 

Decreasing the number of DNA recognition strands on gold surfaces[76] and 

AuNPs[72] promotes DNA hybridization, but additional ligands are required to promote 

DNA-NPs stability[65] and prevent non-specific adsorption of DNA bases to the gold 

surface.[77] PEG3 was therefore used to reduce the number of recognition strands on the 

surface of the AuNPs when preparing Assembly System IV. 



	

 52 

 

 

 
Figure 3.3: (a) Assembly System III DNA sequence binding arrangement, with aptamer 
portion of the sequence underlined. (b) Cartoon of DNA-NPs assembling. (c) Absorbance 
spectra (arbitrary units) of DNA-NP assembly before (black) and after assembly (blue), 
two minutes after mixing with 2 mM adenosine (red). 
 
Characterization of Structure and Reactivity of Assembly System IV 

Decreasing the number of recognition strands on the AuNPs produced 

DNA/PEG3-NPs (Figure 3.4a) that formed Assembly System IV at 4°C within three 

days in solutions containing 300 mM NaCl. The ligand shells of both the aptamer-NPs 
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and cDNA-NPs had to be diluted before they could form Assembly System IV. No 

assembly occurred as a result of diluting the ligand shell of either the aptamer-NPs or 

cDNA-NPs while keeping the other intact. Approximately 30% of DNA/PEG3-NPs 

designed to form System IV were incorporated into assemblies large enough to pellet 

when centrifuged after incubation.  

The SPR peaks corresponding to DNA/PEG3-NPs in both the pellet and 

supernatant shifted to longer wavelengths broadened, though the SPR peak of AuNPs 

in the pellet exhibited a significantly larger increase in their full width half maximum 

absorbance (Figure B2; see Appendix B for all B Figures and Tables). This suggests 

that Assembly System IV formed smaller assemblies, less effectively separated by 

centrifugation. For this study, only assemblies incorporated into the pellet were reacted 

with adenosine.  

DNA/PEG3-NPs assembled at a slower rate than fully passivated DNA-NPs. 

DNA binding in solution is promoted by attractions between fluctuating counterions 

associated with individual DNA strands.[78] One possible explanation for the difference 

in assembly rate is that AuNPs functionalized by fewer DNA strands experience a 

lower counterion attraction between DNA-NPs. This explanation is supported by our 

observation that DNA-NPs with ligand shells diluted by short oligonucleotide 

sequences (i.e. A5) readily assemble overnight (data not shown). 

The SPR absorbance peak of DNA-NPs designed to form Assembly System IV 

shifted 15nm to longer wavelengths, and broadened by 130 nm (Figure 3.4c). These 

spectral changes indicated the successful formation of AuNP assemblies.[79]  



	

 54 

 

 
Figure 3.4: (a) Assembly System IV DNA sequence binding arrangement, with aptamer 
portion of the sequence underlined. (b) Cartoon of assembled DNA/PEG3-NPs reacting 
with adenosine. (c) Absorbance spectra of DNA/PEG3-NP assembly before and after 
assembly, two minutes after mixing with 2mM adenosine (d) Results from mixing 
DNA/PEG3-NP assemblies with 2 mM adenosine (A), cytosine (C), uridine (U) or 1 mM 
guanosine (G) 
 

Assembly System IV’s SPR peak (Figure 3.4c) shifted and broadened more 

than System II’s SPR peak (Figure 3.2c). This is unsurprising, since plasmon coupling 

between AuNPs is distance dependent.[29–31]  
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Assembly System IV appeared as dimers, trimers and small groups of 

DNA/PEG3-NPs in TEM micrographs (Figure 3.5a). The appearance of Assembly IV 

in TEM micrographs therefore confirmed assembly formation, and revealed that 

System IV assemblies are much smaller than System II assemblies.  

Assembly System IV was then mixed with adenosine (Figure 3.4b). Within two 

minutes of mixing the assembly with 2 mM adenosine, the AuNP SPR peak returned to 

520 nm, the λmax corresponding to the individual DNA/PEG3-NPs prior to assembly 

(Figure 3.4c). This confirmed that Assembly System IV successfully reacted with 

adenosine.  

To test the specificity of System IV’s disassembly in the presence of adenosine, 

we reacted System IV with other biomolecules with structures similar to adenosine, 

specifically guanosine, cytosine and uridine. No spectral changes occurred when 

System IV was mixed with guanosine, cytosine or uridine (Figure 3.4d), which 

demonstrated that the sensing reaction was specific to adenosine. 

Based on their appearance in TEM micrographs, DNA/PEG3-NPs retained their 

size and shape while assembling into System IV (Figure 3.5a). DNA/PEG3-NPs within 

System IV were initially bound to one another in dimers, trimers and small groups 

(Figure 3.5a). After reacting with 2 mM adenosine, DNA/PEG3-NPs appeared as 

monomers or dimers in TEM micrographs (Figure 3.5b). This confirmed that the 

majority of System IV assemblies successfully reacted with adenosine, thereby 

disassembling. 
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Figure 3.5: Representative TEM micrographs of (a) DNA/PEG3-NP assemblies 
(b) DNA/PEG3-NP assemblies after reacting with adenosine. 
 

Having confirmed that System IV could disassemble in the presence of a large 

concentration of adenosine, it was then reacted with biologically relevant adenosine 

concentrations. To do so, a series of buffered reaction solutions containing System IV 

assemblies, 150 mM NaCl and various amounts of adenosine were mixed. UV-visible 

spectroscopy was used to measure the absorbance spectrum of the resultant solution 

after two minutes. A ratiometric method was used to evaluate the resultant UV-visible 

data, as has been done for other sensors.[15,80] Ratiometric methods use the ratio of an 

analyte’s absorbance or fluorescent emission at two different wavelengths to assess the 

analyte concentration.  

Our corroborative UV-visible and TEM data, and that reported by others who 

have prepared DNA-NP assemblies,[3,15,29] show that the A520/A550 value of DNA-NPs 

decreases upon assembly and increases upon disassembly. Because the A520/A550 value 

varies based on the extent of nanoparticle assembly, we thought it was reasonable to 

use this ratio to gauge the extent of aptamer-mediated disassembly response. 
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Previous research suggests that the plasmon absorbance modes of dimers can be 

viewed as the linear combinations of the plasmon absorbance modes for individual 

AgNPs, analogous to atomic orbitals in molecular orbital theory.[81] The analogy was 

further extended to explain the plasmon absorbance modes of trimers and quadrumers 

using “group theory”, describing the plasmon modes of the aggregate in terms of the 

structure-symmetric combinations of the plasmon modes of individual AgNPs.[82] Other 

theoretical work demonstrated a systematic shift in the plasmon resonance absorbance 

as a function of the number of AuNPs assembled in a line formation.[83] Based on these 

findings, we would predict the plasmon absorbance of our AuNP assemblies (and the 

relative absorbance at each wavelength) to vary systematically as a function of the 

number of AuNPs in the assembly and their position relative to one another. 

The A520 or A700 of System IV could have been plotted to try and assess the 

relative proportions of individual vs. assembled AuNPs over a range of adenosine 

concentrations. Since the absorbance of individual AuNPs varies at each wavelength 

according to the overall nanoparticle concentration, examining a ratio of absorbance 

values minimizes the potential error introduced by variations in the number of AuNPs 

found in the light path during a given measurement.  

Therefore, the A520/A550 was plotted as a function of the adenosine 

concentration (Figure 3.6), and used to assess the relative degree of AuNP assembly. 

One limitation to this analysis is that there is a distribution of AuNP assemblies 

containing different numbers of AuNPs, and we can only view the global average 

plasmon absorbance. From the absorbance ratio, we can tell the relative number of 

AuNPs that are assembled, but could not possibly make conclusions about individual 
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assembly sizes or their proportion of the overall nanoparticle population from this 

analysis.  

 

Figure 3.6: Analysis of the extent of AuNP disassembly during reaction between 
Assembly System IV and various amounts of adenosine. Error bars represent the 
standard deviation for three replicates. 

As expected, reaction solutions containing the lowest concentrations of adenosine 

had the lowest A520/A550 values and reaction solutions containing the highest 

concentrations of adenosine had the highest A520/A550 value (Figure 3.6). 75µM was the 

lowest concentration of adenosine at which the A520/A550 value significantly increased 

over the control sample, and is therefore the detection limit for Assembly System IV. 

This detection limit is a 4-fold improvement over that of the linker-mediated colorimetric 

disassembly-based adenosine sensor previously reported (300 µM).[15] 
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Assembly System IV exhibited a linear response to adenosine concentrations of 

75µM-1mM. The linear regression line corresponding to the 75µM-1mM region of the 

sensing response curve (Figure 3.6) had an R2 value of 0.966, indicating it is reasonably 

linear. It is preferable to use the quasi-linear region of a calibration curve to quantify 

analytes to avoid introducing analytical errors.[84] Therefore, our sensor’s large linear 

response range is a significant advantage for quantifying analytes.  

Decreasing the size of the DNA-NP assemblies and the number of linkages 

between DNA-NPs produced a highly reactive colorimetric disassembly-based sensor 

with a lower detection limit and greater quantification range than existing disassembly-

based sensors. This sensor responded to biologically relevant adenosine concentrations.  

In this paper, we learned that the arrangement of DNA sequences and AuNPs 

within assembly systems has a profound impact on their stability to assemble and sense 

adenosine. Assembly System II, designed to have large inter-particle spacings, was so 

stable that the aptamer sequence was unable to change conformation and bind its analyte. 

Assembly System III, designed to have short inter-particle spacings, was not stable 

enough to form assemblies. Diluting the ligand shell of these AuNPs, thereby decreasing 

the electrostatic repulsion between DNA ligands on the AuNP surfaces, increased their 

hybridization efficiency and allowed Assembly System IV to form. The assembly 

arrangement and number of DNA recognition strands per AuNPs were therefore 

identified as key criteria for designing functional biosensors. 

Our sensing platform is broadly applicable, because it can be used to detect any 

analyte for which a DNA or RNA sequence has been identified. The development of 

nuclease resistant aptamer sequences (L-DNA),[85,86] and two new functional DNA 
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bases,[87,88] will continue to expand the utility of aptamers as sensing reagents. By 

marrying existing SELEX techniques and these new technologies, robust aptamers with 

high binding affinities and with highly specific reactivity may be isolated. 

CONCLUSION  
 

DNA-NPs directly hybridized to one another (Assembly Systems II and IV) 

formed much smaller assemblies than those reported for DNA-NPs linked together by 

hybridizing a crosslinking strand (Assembly System I). The sensor created by directly 

hybridizing DNA/PEG3-NPs (Assembly System IV) exhibited rapid, specific and 

sensitive detection of adenosine. It has a lower detection limit (75µM) and larger 

quantification range (75µM-1mM) than existing colorimetric disassembly-based sensors, 

and responds to biologically relevant adenosine concentrations.  

The distance between DNA-NPs within the assembly systems had a profound 

impact on their stability. The assembly system with large inter-particle spacings 

(Assembly System II) was so stable that the aptamer sequence was unable to change 

conformation and bind its analyte. The assembly system with short inter-particle spacings 

(Assembly System III) was not stable enough to assemble when the density of 

recognition strands on their surfaces was maximized. Decreasing the density of 

recognition sequences on the DNA-NPs using a neutral ligand permitted AuNP assembly 

formation and sensing, presumably by decreasing the electrostatic repulsion between 

DNA strands on the surface of the AuNPs. 

This sensing platform is broadly applicable, because it can be used to detect any 

analyte for which a DNA, RNA or L-DNA aptamer sequence has been identified. The 

insights we gained regarding the importance of arrangement of DNA sequences and 
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AuNPs within the assembly system and the impact of diluting the DNA ligand shell are 

important considerations for technologies involving disassembly of DNA-NPs from 

DNA-functionalized surfaces. Our results will therefore have a broad impact on the 

design of aptamer-based sensors. 

EXPERIMENTAL  
 

All details regarding materials used and instrumentation are available in 

Appendix B. 

Preparation of DNA-NPs and DNA/PEG3-NPs 

12 nm AuNPs were synthesized and characterized using UV-Visible spectroscopy, 

transmission electron microscopy and small angle x-ray scattering, as previously 

described.[64] Characterization methods and data are available in Appendix A (Figure A1 

and Figure A2). 

DNA-NPs were prepared as previously described,[64,65] with modifications. 

Briefly: The concentration of DNA and AuNP solutions was determined based on their 

A520 and A260, using their predicted extinction coefficients.[64] AuNPs and DNA were 

mixed. The reaction solution contained 16 uM DNA and 16 nM AuNPs. pH 3 citric acid 

buffer (10 mM) was added, followed by NaCl (70 mM),[65,66] and being incubated 

overnight, as previously described.[64]Disulfide-terminated DNA was mixed with AuNP 

solutions 

The PEG3 diluent ligand (NaSO3S(CH2CH2O)2CH2CH2OH) was prepared as 

previously described.[69] A description of the synthesis and purification of this ligand is 

provided in Appendix B. To prepare DNA/PEG3-NPs, disulfide-terminated DNA 

sequences were mixed with PEG3 and then added to AuNPs. The ligand exchange 
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mixture contained 8 nM AuNPs, 8 uM DNA and either 500 uM (aptamer-NPs) or 750 uM 

(cDNA-NPs) PEG3. 1000 DNA ligands were present per AuNP.  

All DNA-NP and DNA/PEG3-NP ligand exchange reaction solutions were 

incubated 5 minutes after initial mixing before adding 100 uL pH 3 citric acid buffer. 

After 10 minutes. NaCl was added (70 mM) and reaction solutions were incubated for 18 

hours before being purified. Performing the ligand exchange at this pH and salt 

concentration promotes DNA adsorption to the surface of the AuNPs.[65,66] 

DNA-NPs and DNA/PEG3-NPs were purified by centrifuging 4 times for 20 

minutes at 20 000g, resuspending in buffer containing 1mM pH 8.2 Tris Acetate and 

100 mM NaCl after each centrifugation step. DNA-NPs and DNA/PEG3-NPs were 

stored in nanopure water for 2-3 days before assembly.  

DNA-NPs and DNA/PEG3-NPs were characterized using TEM, Small Angle 

X-ray Scattering (SAXS), UV-visible and fluorescence spectroscopy. Based on the 

UV-visible absorbance, TEM and SAXS data, the DNA/PEG3-NPs do not change size 

and shape during functionalization. The number of DNA strands per AuNP were 

determined using UV-visible and fluorescence spectroscopy, with modifications.[64] 

Because the PEG3 ligand absorbed light at 260 nm, DNA concentrations were 

determined using fluorescence spectroscopy. When the same concentrations of DNA 

and AuNPs were mixed with and without PEG3, PEG3 significantly reduced the 

number of strands per AuNPs. 
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Preparation of DNA-NP and DNA/PEG3-NP Assemblies 

The concentration of purified DNA-NPs was determined using UV-visible 

spectroscopy,[64,89] and equimolar amounts of DNA-NPs (1.5 nM each) were incubated 

overnight in solutions containing 25 mM Tris acetate buffer and 300 mM NaCl. This 

assembly was performed at 4°C, as NPs with overhangs need to be incubated at lower 

temperatures[15–17] to decrease DNA-NP disassembly rate.[90] 

UV-visible spectroscopy was used to confirm that the DNA-NPs and DNA/PEG3-

NPs maintained their overall size and shape (Figure B1) and SAXS was used to confirm 

that DNA-NPs retained their core size and polydispersity during assembly (Table B1). 

UV-visible spectroscopy and a commercially available fluorescent dye based assay were 

used to confirm that the AuNPs maintained the same ligand shell during assembly (Table 

B2).[64,91] Complete descriptions of TEM, SAXS, UV-visible and fluorescence 

spectroscopy methods used to characterize DNA-NPs before and after incubation and 

sensing are provided in Appendix B. 

Sensing Adenosine using DNA-NP and DNA/PEG3-NP Assemblies 

Assemblies were separated from individual AuNPs by centrifuging 30 seconds at 

1000g and removing the supernatant. UV-visible spectroscopy (Figure B2) was used to 

confirm the separation of individual AuNPs from assemblies. Aliquots of DNA-NP or 

DNA/PEG3-NP assemblies were transferred to each tube, followed by the correct amount 

of buffer, NaCl and adenosine solutions prepare solutions containing 12.5 mM pH 8.2 tris 

acetate buffer, 150 mM NaCl and the appropriate concentration of adenosine. The UV-

visible spectra of these solutions were measured two minutes after they were mixed.   
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The solubility of DNA/PEG3-NP assemblies is inversely proportional to their size, and 

large assemblies slowly precipitate at room temperature. To avoid experimental artifacts 

introduced by solution inhomogeneity, each reaction solution was pipetted up and down 

just prior to measuring its UV-visible spectrum. 

Preparation of DNA-NP and DNA/PEG3 Samples for TEM Analysis  

 TEM microscopy was used to assess the extent of DNA-NP assembly, and the 

size of the assemblies before and after reacting with adenosine. 10 uL of reaction 

solutions containing 0 mM adenosine (initial) or 2 mM adenosine (final) were transferred 

onto amine-functionalized TEM grids, and incubated for 1 minute. 200 uL water was then 

added, and each grid was transferred to a new water droplet for additional rinsing. The 

water rinses during TEM grid preparation were very important to avoid introducing 

experimental artifacts, because drying effects can make AuNPs look like they are 

assembled when they are not (Figure B3). TEM grids were dried by wicking the solution 

using a kimwipe. 

BRIDGE  

The sensing system formed from directly hybridizing nanoparticles with dilute 

ligand shells detects adenosine at a lower detection limit and over a larger quantification 

range than existing colorimetric disassembly-based AuNP sensors. In Chapter 4, we 

systematically test the effect of varying the number of aptamers per AuNP on the 

resulting assembly/disassembly chemistry.  
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CHAPTER IV 
 

IMPACT OF POLYVALENCY ON STRUCTURE AND REACTIVITY OF DNA 

APTAMER-LINKED GOLD NANOPARTICLE ASSEMBLIES  

 Note: Portions of Chapter IV are expected to appear in an upcoming publication co-

authored with James E. Hutchison. I designed and performed the experiments and 

composed the manuscript corresponding to Chapter IV. James E. Hutchison was the 

principle investigator for this work and provided experimental and editorial guidance. 

 
INTRODUCTION 
 

Aptamer-functionalized gold nanoparticles (aptamer-NPs) have enormous 

potential as building blocks for sensors because they exploit both the specific and 

sensitive molecular recognition properties of aptamers1,2 and the colorimetric sensing 

properties of AuNPs.3,4 Aptamers are short (<100 nucleotide) single-stranded DNA or 

RNA sequences that fold into well-defined three dimensional structures that bind target 

analytes with a sensitivity and selectivity that equals or exceeds that of antibodies.2,5,6 An 

increasing number of sensing and therapeutic applications exploit the ability of DNA 

aptamers to adopt different conformations and bind either complementary DNA 

sequences or analyte molecules.1,2,7,8  

Many sensors use aptamer-mediated nanoparticle assembly9–12 or disassembly13–17 

to respond to target analytes, yet the impact of their ligand shell architecture on their 

sensing response has largely remained unexplored. In most cases, a single example of 

each functional material is presented, without elucidating the design rules for creating 

materials with improved detection limits and quantification ranges. Those papers that 

have assessed the impact of the DNA binding environment upon aptamer-mediated 
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assembly and disassembly15,17 focused on the impact of the assembly arrangement, not 

the number of binding groups (polyvalency).  

DNA aptamer-mediated AuNP assembly and disassembly is dependent the DNA 

primary sequence,15,18 assembly arrangement15,17 and ligand shell density17. We recently17 

demonstrated that it is necessary to dilute the ligand shells of aptamer-functionalized 

AuNPs for them to assemble by direct hybridization at small inter-particle spacings. We 

demonstrated that these assemblies sense adenosine with lower detection limits and larger 

quantification ranges than existing AuNP disassembly-based sensors. We did not 

systematically vary the aptamer strand density to test its effect on aptamer-mediated 

AuNP disassembly. The number of bonds between AuNPs and the electrostatic repulsion 

between them should be proportional to the number of aptamers on the AuNPs, and 

thereby have a large impact on the sensor’s detection limit and quantification range. To 

the best of our knowledge, no one has quantified the impact of diluting the DNA-NP 

ligand shell on the sensing properties of AuNP assemblies.  

DNA hybridization to DNA-functionalized nanoparticles (DNA-NPs) is sensitive 

to the recognition sequence density on the NP surface.19,20 It is an anti-cooperative 

process, in which each successful binding event inhibits subsequent binding events due to 

the large enthalpy and entropy costs introduced by nearby charged ligands.20 Randeria 

and coworkers showed that the penalties resulting from multiple DNA hybridization 

events increase greatly after 10 or more linkages are attached to the DNA-functionalized 

AuNPs.20  

Thermal melting21,22 and aptamer-mediated disassembly14 of DNA-linked AuNPs 

have been described as cooperative processes. DNA strands that reside within the interior 
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of DNA-NP assemblies are in close proximity to multiple neighboring DNA strands, and 

therefore experience large enthalpy and entropy costs from interacting with them. As 

aptamers within sensing assemblies switch conformation to bind adenosine instead of 

their complementary DNA sequence (cDNA), there are fewer connections between 

AuNPs, but similar electrostatic repulsion forces between neighboring ligands. As the 

aptamer strands dehybridize to interact with the analyte, the assemblies become less 

stable until they rapidly disassemble. The disassembly reaction is therefore cooperative, 

because each adenosine binding event promotes disassembly. The slope at the inflection 

point of the sensing response curve describes the cooperativity of the sensor. 

Our initial prediction was that AuNPs functionalized with greater numbers of 

aptamers would form more bonds to other AuNPs, leading to higher apparent 

disassociation constants (KD values) and greater cooperativity. 

In this paper, we examined the impact of the number of aptamers per AuNP on 

their assembly/disassembly chemistry. Introducing bunte salt-protected polyethylene 

glycol ligands during DNA ligand exchange onto citrate-stabilized AuNPs was a 

convenient method to vary the number of aptamer strands on DNA-NPs. Assemblies 

were prepared by reacting the aptamer-NPs with cDNA-functionalized AuNPs (cDNA-

NPs). AuNPs with the lowest aptamer ligand density exhibited the lowest detection limit 

and widest range of detection of the sensors we prepared. The number of aptamer strands 

per AuNP determined the cooperativity and KD value of each assembly. These results 

have important implications for designing the binding environment for DNA-NP 

assembly in solution and on surfaces, because they suggest different strategies are 
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appropriate for creating sensors to act as “on-off” detectors and those for quantifying 

analytes. 

RESULTS AND DISCUSSION 
 
Preparation of DNA/PEG3-NPs 

DNA/PEG3-NPs were prepared by co-conjugating AuNPs with the aptamer 

sequence or cDNA sequence and a bunte salt-terminated ligand composed of 3 

polyethylene glycol units (NaSO3S(CH2CH2O)2CH2CH2OH, PEG3), as previously 

described (Figure 4.1).17 To investigate the effect of diluting the DNA aptamer ligand 

shell on the properties of the assemblies they form, cDNA/PEG3-NPs and a series of 

aptamer/PEG3-NPs functionalized with different numbers of aptamer strands were 

prepared. 

 

Figure 4.1: (a) Preparation of aptamer/PEG3-NPs and cDNA/PEG3-NPs. 12 nm citrate-
stabilized AuNPs are mixed with disulfide-terminated DNA (HO(CH2)6S-S-5’-DNA-
3’and bunte-salt terminated PEG3 (NaSO3S(CH2CH2O)2CH2CH2OH) ligands, which 
bind to AuNPs via thiolate linkages (b) Aptamer/PEG3-NPs and (c) cDNA/PEG3-NPs  
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Citrate-stabilized AuNPs (8 nM) were mixed with the same concentration of 

disulfide-terminated DNA aptamers (8 uM) and various concentrations (0-2.5 mM)  of 

bunte salt-terminated PEG3 ligand (Figure 4.2). The disulfide at the end of the DNA 

strand forms a thiolate bond with the surface of the AuNPs without being reduced 

beforehand.23–26 The number of DNA aptamer strands per AuNP was lower when higher 

concentrations of PEG3 were used, indicating that PEG3 competed with the DNA 

aptamers for binding sites on the AuNPs. The PEG3 ligand was also used to prepare 

cDNA/PEG3-NPs. 

 
Figure 4.2: Aptamer/PEG3-NPs with a range of aptamer surface coverages, prepared by 
holding the AuNP concentration (8 nM) and DNA concentration (8 uM) constant while 
varying the PEG3 concentration during ligand exchange. 
 
Assembly of DNA/PEG3-NPs 
 

Having developed a method to prepare both aptamer/PEG3-NPs (Figure 4.2) and 

cDNA/PEG3-NPs, the impact of diluting the aptamer-np ligand shell on the assembly 
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reaction between aptamer/PEG3-NPs and cDNA/PEG3-NPs was investigated. Initially, 

we tried assembling aptamer/PEG3-NPs (Figure 4.1a) and cDNA/PEG3-NPs (Figure 

4.1b) functionalized with low numbers of recognition strands. Decreasing both the 

number of aptamer strands and the number of cDNA strands to very low numbers 

inhibited DNA-NP assembly (see Appendix C). Instead, the number of aptamer 

sequences per AuNP was varied, and they were assembled by mixing them with 

cDNA/PEG3-NPs functionalized with an intermediate number (55±7) of ligands (Figure 

4.3a).  

DNA/PEG3-NPs were assembled by mixing equimolar amounts (1.5 nM each) of 

aptamer/PEG3-NPs and cDNA/PEG3-NPs, and allowing them to react in buffered (pH 

8.2) solutions containing 600 mM NaCl for 4 days at 4°C. 

 
Figure 4.3: (a) Assembly arrangement for reaction between cDNA/PEG3-NPs and 
aptamer/PEG3-NPs functionalized with 20, 24, 30 or 35 aptamers (adenosine aptamer 
sequence underlined). (b) Cartoon of DNA/PEG3-NP assemblies reacting with 
adenosine, causing disassembly. 
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The assemblies were separated from individual DNA/PEG3-NPs by centrifuging 

for 30 seconds at 1000 rcf, then redispersing them in solutions containing 25 mM pH 8.2 

Tris acetate buffer and 600 mM NaCl.17 Solutions containing DNA/PEG3-NP assemblies 

were brought to 300 mM NaCl before being characterized.  

Characterization of DNA/PEG3-NP Assemblies 
 

DNA/PEG3-NP assembly was confirmed using UV-visible spectroscopy (Figure 

4.4) and TEM (Figure 4.5). The DNA-NPs did not change shape, size or ligand shell 

composition during assembly, as determined by TEM (Figure 4.5), SAXS (Table C1; see 

Appendix C for all C Figures and Tables), UV-visible (Figure C1) and fluorescence 

spectroscopy (Table C2).  

Assembling the aptamer/PEG3-NPs with cDNA/PEG3-NPs shifted the SPR peak 

of the AuNPs to longer wavelengths and broadened it (Figure 4.4). As reported for DNA-

NP assemblies formed from 12 nm AuNPs, 14,21,27 the absorbance value of the assembled 

DNA/PEG3-NPs decreased compared to that of the individual nanoparticles. These 

spectral changes were expected based on theory and previous reports on optical 

properties of AuNP assemblies.28,29 

The shifts in λmax for the DNA/PEG3-NP assemblies prepared at 600 mM NaCl 

were larger than when they were assembled at 300 mM NaCl,17 indicating that the 

nanoparticles formed larger assemblies at the higher salt concentration.27 Increasing the 

salt concentration favors AuNP assembly by decreasing the electrostatic repulsion 

between DNA strands. As expected, the assembled DNA/PEG3-NPs exhibited smaller 

λmax shifts than those reported for DNA-NPs with undiluted ligand shells,14,21,27 

suggesting that DNA/PEG3-NP assemblies contain fewer nanoparticles. This makes 
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sense because DNA hybridization proceeds more slowly in dilute solutions, and DNA-

NPs with diluted ligand shells have fewer reactive groups, so are capable of forming 

fewer bonds with neighboring nanoparticles. 

 

Figure 4.4: UV-visible spectra of DNA/PEG3-NP assemblies (black) formed by reacting 
cDNA/PEG3-NPs with aptamer/PEG3-NPs functionalized with (a) 20 (b) 24, (c) 30 or 
(d) 35 aptamer strands, and their subsequent reaction with 2 mM adenosine (pink). 
 

Transmission electron microscopy (TEM) was used to determine whether the 

number of aptamers bound to the AuNPs affected the size of the DNA/PEG3-NP 

assemblies. Sample preparation artifacts were avoided as described previously,17 and 

individual DNA/PEG3-NPs remained dispersed during TEM deposition (Appendix B, 

Figure B3). Based on the TEM data, each equilibrium mixture of assembled DNA/PEG3-

NPs was composed of a mixture of individual DNA/PEG3-NPs, dimers, trimers and 
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small groups of DNA/PEG3-NPs (Figure 4.5). Additional TEM micrographs are 

available in Appendix C (Figure C3).  

 

Figure 4.5: Representative TEM micrographs of DNA/PEG3-NP assemblies formed by 
reacting cDNA/PEG3-NPs with aptamer/PEG3-NPs functionalized with (a) 20 (b) 24 
(c) 30 or (d) 35 aptamer strands.  
 

The size of the DNA/PEG3-NP assemblies appeared to modestly increase 

according to the number of aptamer strands. The absence of the large micron-sized AuNP 

assemblies reported for assemblies of DNA-NPs with undiluted ligand shells14,30 was 
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consistent with the relatively small λmax shifts we observed after nanoparticle assembly 

(Figure 4.4).   

Characterization of Reactions between DNA/PEG3-NP Assemblies and Adenosine 
 

Having confirmed the assembly of cDNA/PEG3-NPs with aptamer/PEG3-NPs, 

we proceeded to react the assemblies with adenosine. All DNA/PEG3-NP assemblies 

exhibited a colorimetric response to adenosine (Figure 4.4), with their UV-visible 

absorbance spectra returning to a λmax of 520 nm within 2 minutes after adding 2 mM 

adenosine. The DNA/PEG3-NPs appeared as monomers and dimers in TEM micrographs 

prepared from these solutions (Figure C2). This confirmed the successful reaction 

between the assemblies and adenosine.  Since all DNA/PEG3-NP assemblies reacted to 

high adenosine concentrations, we proceeded to examine their reactivity towards a range 

of more physiologically relevant adenosine concentrations. 

To do this, a series of buffered reaction solutions containing assembled 

DNA/PEG3-NPs, 150 mM NaCl and various concentrations of adenosine were prepared. 

After two minutes, the UV-visible absorbance of each resultant solution was measured. 

Because the position and shape of the SPR peak of the DNA/PEG3-NPs shifts as they 

assemble and disassemble, we can extract information regarding the equilibrium 

concentrations of individual and assembled DNA/PEG3-NPs from them. 

The A520/ A550 ratio decreases during AuNP assembly,14,21,27 and increases upon 

nanoparticle disassembly.14,21 This ratio was therefore used to quantify the extent of 

DNA/PEG3-NP disassembly in response to adenosine. The A520/A550 values for each 

reaction between assembled AuNPs and adenosine were normalized according to the 

reaction starting points and endpoint, where “0” is the A520/A550 ratio at the starting point 
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(0 uM adenosine), and “1” is the A520/A550 ratio at the end point (2 mM adenosine) of the 

reaction between the assembled DNA/PEG3-NPs and adenosine. The A520/A550 ratio for 

the reaction between DNA/PEG3-NP assemblies and 2 mM adenosine was considered 

the endpoint because their λmax (520 nm) indicated the solution contained mostly 

individual nanoparticles. These values were plotted as a function of the adenosine 

concentration (Figure 4.6).  

 

Figure 4.6: UV-visible ratiometric data describing reactions between adenosine and 
DNA/PEG3-NP assemblies prepared from aptamer/PEG3-NPs functionalized with (a) 20  
(b) 24, (c) 30 or (d) 35 aptamer strands. 
 

It is clear from inspecting Figure 4.6 that the number of aptamers per AuNP had a 

profound effect on the length of the initial plateau, the length of the quasi-linear region of 
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the response curve, and the adenosine concentration and slope of each curve at its 

inflection point.  

DNA/PEG3-NP assemblies formed from aptamer/PEG3-NPs functionalized with 

20 aptamers per AuNP had the shortest initial plateau, and therefore the lowest limit of 

detection. This curve also had the longest quasi-linear region, and therefore the largest 

range of quantification. Quantifying the analyte in the quasi-linear region of a response 

curve is preferable because it introduces the smallest analytical error.31 The obvious 

qualitative differences between the responses of our sensors to adenosine prompted us to 

examine our data more quantitatively by modeling our data using the Hill Equation.  

The Hill equation is commonly used to assess the cooperativity of protein 

binding,31,32 and more recently been used to assess the cooperativity of biosensors.17,31 It 

is a sigmoidal function used to describe analyte binding by proteins (or other 

nanoparticles) that possess more than one analyte recognition site. This model makes the 

following assumptions: (1) binding subunits are identical and (2) occupy equivalent 

positions, (3) the conformation of each subunit is constrained by interactions with other 

subunits, (4) transitions between these conformations is reversible, (5) if a subunit 

changes conformation, it affects the affinity of at least one other subunit and  

(6) when transitioning from one state to the other, molecular symmetry is conserved.33,34  

By modeling our sensing data using the Hill equation, we assumed that (1) at the 

reaction starting point, all aptamer/PEG3-NPs have formed the same number of bonds to 

neighboring cDNA/PEG3-NPs (2) these aptamers have equivalent affinity for adenosine, 

(3) aptamer strands impose entropy and enthalpy costs on neighboring DNA strands,  

(4) aptamers bound to cDNA on other AuNPs are able to change conformation to bind 
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adenosine, (5) the successful dehybridization of one AuNP from the assembly will affect 

the stability of the overall assembly and (6) all AuNPs disassemble by the endpoint of the 

reaction. One likely source of error generated by our data modeling is our assumption 

that all aptamer/PEG3-NPs formed the same number of bonds to neighboring AuNPs, 

and therefore have the same affinity for the analyte. TEM micrographs prepared from the 

assemblies (Figure 4.5) show a distribution of assembly sizes. Therefore, our response 

curves will reflect the average number of bonds between AuNPs and average influence 

that each DNA-NP dehybridization event has on the stability of the AuNP assemblies.  

The magnitude and direction of the Hill coefficient describes the extent to which a 

binding event at one recognition site affects binding events at other recognition sites. A 

Hill coefficient greater than one indicates a positive cooperative response, a coefficient of 

one indicates a non-cooperative response and a Hill coefficient less than one indicates 

negative cooperativity. Assemblies from DNA-NPs with undiluted ligand shells have 

exhibited positive cooperative melting properties,21 so we expected our DNA/PEG3-NPs 

to exhibit positive cooperative disassembly. 

Equations generated from modeling our data that described the response of the 

assembled DNA/PEG3-NPs to adenosine had positive apparent Hill coefficients, 

indicating that the reactions were cooperative (Figure 4.7a).  

Initially, we predicted that both the apparent Hill coefficients and KD values for 

the reactions between our assemblies and adenosine would be directly proportional to the 

number of aptamers per AuNP  
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The apparent Hill coefficient for our sensing curves increased as a function of the 

number of aptamers on the AuNPs until it reached a certain DNA surface coverage (30 

per AuNP), then appears to plateau (Figure 4.7a).  

 
Figure 4.7: (a) Apparent Hill coefficients and (b) Apparent dissociation constants for the 
reaction between DNA/PEG3-NP assemblies and adenosine 
 

The assembly formed from AuNPs functionalized with 35 aptamers statistically 

had the same apparent Hill coefficient as the assembly formed from AuNPs 

functionalized with 30 aptamers. This suggests that either the number or total strengths of 

bonds and electrostatic repulsion between AuNPs stayed the same, or increased 

proportionally. However, the large error bar associated with the apparent Hill coefficient 

calculated for the assembly formed from aptamers/PEG3-NPs functionalized with 30 

aptamers per AuNP makes it difficult to draw definitive conclusions from comparing it to 

assemblies formed from aptamer/PEG3-NPs functionalized with 24 or 35 aptamers per 

AuNP. The magnitude of the error associated with this apparent Hill coefficient arises 

from the lack of reproducible sensing at intermediate adenosine concentrations (Figure 

4.6c). Excluding this data point, the apparent Hill coefficients for our reaction solutions 

did follow the expected trend, increasing as a function of the number of aptamers per 

AuNP. 
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The KD values for our nanoparticle assemblies increased as a function of the 

aptamer surface coverage until reaching 30 aptamers per AuNP, then decreased when 

there were 35 aptamers per AuNP (Figure 4.7b). The error bars associated with our KD 

values likely arise from errors associated with individual data points near the inflection 

points on our sensor response curves (Figure 4.6). These data are likely scattered due to 

variance in the equilibrium position of our DNA/PEG3-NP assembly solutions from 

batch to batch, which could affect the average number of bonds between AuNPs.  

The assembly formed from AuNPs functionalized with 35 aptamers had a lower 

KD value than the AuNPs functionalized with 30 aptamers. This suggests that fewer 

linkages formed between DNA/PEG3-NPs or the linkages that did form were less stable; 

either such possibility would be expected to affect the balance of attractive and repulsive 

forces between AuNPs. It seems more likely that the additional aptamers changed the 

ligand shell structure in a way that prevented some aptamers from binding adenosine. 

Increasing the number of DNA ligands on gold nanoparticles causes them to extend more 

vertically from surfaces,3,35,36 and molecular crowding on surfaces can inhibit DNA 

hybridization.37,38 Perhaps having too many aptamer sequences on the AuNPs sterically 

hindered aptamer-adenosine interactions, leading to the lower KD value. 

Introducing bunte salt-protected PEG3 ligands during DNA-NP preparation was a 

convenient and effective way to dilute the number of DNA recognition strands bound to 

AuNPs, while maintaining their ability to assemble into clusters and perform 

disassembly-based sensing. DNA/PEG3-NPs functionalized with fewer than 20 aptamer 

ligands were not stable at elevated salt concentrations required for DNA/PEG3-NP 

assembly. (e.g. 600 mM NaCl). DNA/PEG3-NPs functionalized with 8 or fewer DNA 
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strands were not stable in 300 mM NaCl (data not shown), suggesting the PEG3 diluent 

ligand is not sufficiently bulky to sterically stabilize 12 nm AuNPs. Using a bulkier PEG 

diluent ligand could facilitate preparation of stable DNA/PEG-NPs functionalized with 

even fewer DNA recognition strands, thereby producing nanoparticle assemblies with 

lower disassociation constants and a wider analyte quantification range. 

Our results have important implications for designing the binding environment for 

DNA-NP structures in solution and on surfaces, because they demonstrate that diluting 

the aptamer ligand shell produces sensors with lower detection limits, dissociation 

constants and larger quantification ranges than sensors made from assembling DNA-NPs 

with undiluted ligand shells. DNA-NPs with undiluted ligand shells are therefore 

preferable for applications for which a simple “on/off” response is desired, where 

cooperative reactions are advantageous. DNA-NPs with diluted ligand shells are 

preferable for more quantitative applications in which non-cooperative target binding is 

preferred. 

CONCLUSION 

 The number of aptamer strands attached to DNA/PEG3-NPs has a significant 

impact on the detection limit, quantification range, dissociation constant and 

cooperativity of the sensing response of nanoparticle assemblies prepared from them. The 

KD values for our nanoparticle assemblies increased as a function of the aptamer surface 

coverage until an intermediate surface coverage was reached, then decreased, presumably 

due to molecular crowding. The cooperativity of the disassembly-based sensing response 

increased according to the number of aptamers on the AuNPs until it reached a certain 

DNA surface coverage before plateauing. 
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Assemblies formed from DNA/PEG3-NPs with the lowest number of aptamers 

had the lowest detection limit and the largest quantification range, and are therefore 

preferable for more quantitative applications in which it is preferable to precisely 

determine the analyte concentration. DNA-NPs with less diluted ligand shells are 

preferable for applications for which a simple “on/off” response is desired, because a 

highly cooperative reaction will generate the largest visible response over the shortest 

concentration range. 

EXPERIMENTAL 

All details regarding materials used and instrumentation are available in 

Appendix C. A description of the synthesis and purification of the PEG3 ligand is 

provided in Appendix B. 

Preparation of DNA/PEG3-NPs 

12 nm AuNPs (12.2 ± 1.8 nm) were synthesized, and characterized using UV-

Visible spectroscopy, transmission electron microscopy and small angle x-ray scattering, 

as previously described.26 The PEG3 diluent ligand was synthesized and purified as 

described previously.39 A description of AuNP synthesis and characterization is available 

in Appendix A. 

To prepare DNA/PEG3-NPs, disulfide-terminated DNA sequences were mixed 

with PEG3 and then added to AuNPs. The ligand exchange mixture contained 8 nM 

AuNPs, 8 uM DNA and either 750 uM PEG3 (cDNA/PEG3-NPs) or 0-750 uM PEG3 

(aptamer/PEG3-NPs). 1000 DNA ligands were present per AuNP. After 5 minutes, pH 3 

citric acid buffer (10mM) was added. After 10 minutes, NaCl was added (70 mM). The 
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reaction mixture was then incubated for approximately 18 hours before being purified by 

4 rounds of centrifugation, as described previously.17,26 

 DNA/PEG3-NPs were characterized using TEM, Small Angle X-ray Scattering 

(SAXS), UV-visible and fluorescence spectroscopy. Based on the UV-visible 

absorbance, TEM and SAXS data, the DNA/PEG3-NPs do not change size and shape 

during functionalization. The number of DNA strands per AuNP were determined 

using UV-visible and fluorescence spectroscopy, with modifications.26 Because the 

PEG3 ligand absorbed light at 260 nm, DNA concentrations were determined using 

fluorescence spectroscopy. 

Preparation of DNA/PEG3-NP Assemblies 

The concentration of purified DNA/PEG3-NPs was determined using UV-visible 

spectroscopy,40 and equimolar amounts of DNA/PEG3-NPs functionalized with 20, 24, 

30 or 35 aptamer strands per AuNP and cDNA/PEG3-NPs (1.5 nM each) were incubated 

for 4 days in solutions containing 25 mM Tris acetate buffer and 600 mM NaCl. This 

assembly was performed at 4°C, as NPs with overhangs need to be incubated at lower 

temperatures14,15 to decrease DNA-NP disassembly rate.41   

TEM and UV-visible spectroscopy (Figure C1) were used to confirm that 

DNA/PEG3-NPs retained their size and shape during assembly. SAXS was used to 

confirm that DNA/PEG3-NPs retained their size and polydispersity during assembly 

(Table S-1). UV-visible spectroscopy and a commercially available fluorescent dye based 

assay26 were used to confirm that the ligand shell remained in tact (Table S-2). Complete 

descriptions of TEM and SAXS, UV-visible and fluorescence spectroscopy methods used 
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to characterize DNA-NPs before and after incubation and sensing are available in 

Appendix A. 

Sensing Adenosine using DNA/PEG3-NP Assemblies 
 

Supernatants containing unassembled DNA-NPs were removed by centrifuging 

30 seconds at 1000g. Based on their resultant UV-visible spectra and TEM micrographs, 

DNA-NPs in the pellet were considered assembled. DNA-NPs in the supernatant were 

individual AuNPs, The extent of DNA-NP assembly was assessed by determining the 

relative amounts of DNA-NPs in the pellet and supernatant from A520 of each solution.  

DNA-NPs were mixed with the appropriate concentration of adenosine solution to bring 

each reaction mixture to the same final volume, containing 150 mM NaCl, 12.5 mM tris 

acetate pH 8.2, and the desired adenosine concentration. The UV-visible spectra of these 

solutions were measured two minutes after being mixed.  

Preparation of DNA/PEG3-NP Samples for TEM Analysis  

 TEM microscopy was used to analyze the size of DNA-NP assemblies found in 

solutions resulting from the reaction of assembled DNA-NPs with adenosine. 10 uL of 

solutions containing assembled DNA-NPs with and without adenosine were transferred 

onto amine-functionalized TEM grids, and incubated for 1 minute. Approximately 500 uL 

water was then added, and each grid was transferred to a new water droplet for additional 

rinsing. TEM grids were dried by wicking the solution using a kimwipe. 

BRIDGE 

 In Chapter IV, the recognition strand density on DNA/PEG3-NPs was found to 

significantly influence their assembly/disassembly chemistry. Its impact on disassembly-

based sensing was evaluated qualitatively and quantitatively. Several key design rules 
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pertaining to the creation of new aptamer-based biosensors have now been elucidated. In 

Chapter V, I will reflect on how these insights will impact the design of nanomaterials 

and future avenues of research. 
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CHAPTER V  
 

CONCLUDING SUMMARY 
 

OVERVIEW 

 The intent of this dissertation was to develop a framework for understanding the 

impact of the DNA–NP ligand shell architecture on the structure and reactivity of DNA 

aptamer-linked gold nanoparticle assemblies. Challenges associated with characterizing 

the ligand shell of DNA-NPs, designing their assembly arrangement and the ligand shell 

composition were identified. Systematically investigating the variables that govern 

interactions at the nanoparticle-DNA interface and their impact upon the properties of the 

resulting sensors lead to elucidation of several design rules for creating new materials 

with enhanced properties. 

 In Chapter II, a method for determining the ligand shell composition of DNA-

NPs was developed. Using this method, we were able to explore nanoparticle structure-

property relationships in Chapter III and Chapter IV. In Chapter III, the effect of the 

assembly arrangement upon the ability of DNA-NPs to assemble and sense adenosine 

was explored, and an effective sensor involving DNA aptamers and AuNPs was created. 

The influence of the ligand shell composition upon this sensor was systematically 

investigated in Chapter IV. The results of this study allowed us to identify design rules 

for preparing DNA-NP assemblies tailored to specific applications. 

KEY RESULTS AND BROADER IMPACTS 

Label-free Quantification of DNA Bound to Gold Nanoparticles 

 In Chapter II, a rapid, convenient and inexpensive method to quantify the number 

of label-free DNA strands attached to AuNPs was developed. The number of label-free 
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DNA sequences bound to AuNPs can now be rapidly and conveniently determined using 

UV-visible spectroscopy. Our technique is broadly applicable, as it can be used to easily 

determine the number of DNA strands of any base composition attached to AuNPs of any 

size.  

UV-visible spectroscopy and a conventional dye assay were used in tandem to 

determine two different label-free DNA sequences co-conjugated to AuNPs. The results 

from studying DNA-NPs with mixed ligand shells suggest that disulfide-terminated DNA 

sequences undergo rapid, non-specific adsorption onto AuNPs at pH 7, then rearrange to 

permit specific DNA binding at pH 3. 

Using this approach, the ligand shell composition of a large of library of 

nanoparticles functionalized with mixed label-free DNA ligand shells can be precisely 

determined. This will deepen our understanding of nanoparticle ligand shell structure-

property relationships, and lead to production of nucleic acid functionalized nanoparticles 

with precisely engineered assembly, sensing and gene regulation properties. 

In principle, our method can be extended to determine the number of DNA or 

RNA strands bound to other noble metal nanoparticles or used to quantify the number of 

peptides bound to AuNPs. Our results will therefore have a broad impact on the 

characterization of biomolecule-functionalized nanoparticles. 

Effect of Assembly Arrangement on Structure and Reactivity of DNA Aptamer-Linked 

Gold Nanoparticle Systems 

In Chapter III, it was found that DNA-NPs directly hybridized to one another 

formed much smaller assemblies than those reported for DNA-NP assemblies formed by 

linker-mediated assembly. A sensor created by directly hybridizing DNA-NPs with 
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diluted ligand shells at short inter-particle distances exhibited a rapid, specific and 

sensitive response to adenosine. It had a lower detection limit (75µM) and larger 

quantification range (75µM-1mM) than existing colorimetric disassembly-based sensors, 

and responded to biologically relevant adenosine concentrations. 

The position of the AuNPs and DNA strands within the assemblies had a 

profound impact on the extent of AuNP assembly and the ability of DNA-NP assemblies 

to sense adenosine. Designing the AuNPs to assemble with large inter-particle spacings 

within the assembly made the assemblies too stable to allow the aptamers to dehybridize 

and sense adenosine. When the complementary DNA binding site was positioned near the 

aptamer sequence’s anchor to the AuNPs and the inter-particle spacing was small, the 

DNA-NP recognition strands had to be diluted before assembly and sensing could occur.  

Our sensor is broadly applicable, because it can be used to produce colorimetric 

sensors for detecting any analyte for which an aptamer sequence has been identified. The 

insights we gained regarding the importance of designing the ligand shell architecture to 

precisely tune the stability of AuNP assemblies are important considerations for 

technologies involving disassembly of DNA-NPs from DNA-functionalized surfaces. 

Our results will therefore have a broad impact on the design of aptamer-based sensors. 

Impact of Polyvalency on Structure and Reactivity of DNA Aptamer-Linked Gold 

Nanoparticle Assemblies  

 
In Chapter IV, we discovered that the number of aptamer strands attached to 

DNA/PEG3-NPs had a significant impact on the detection limit, quantification range, 

dissociation constant and cooperativity of the sensing response of nanoparticle assemblies 

prepared from them. The apparent KD values for our nanoparticle assemblies increased as 
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a function of the aptamer surface coverage until an intermediate surface coverage was 

reached, then decreased. The cooperativity of the disassembly-based sensing response 

increased according to the number of aptamers on the AuNPs until it reached a certain 

DNA surface coverage before appearing to plateau. 

Assemblies formed from DNA/PEG3-NPs functionalized with the lowest number 

of aptamers had the lowest detection limit and the largest quantification range, and are 

therefore preferable for more quantitative applications in which it is preferable to 

precisely determine the analyte concentration. For this study, we used a very short diluent 

ligand that was unable to stabilize the AuNPs at very low recognition sequence densities 

and the elevated salt concentrations required for DNA-NP assembly. The properties of 

our sensor could be further improved by diluting the ligand shell using a slightly bulkier 

PEG ligand capable of sterically stabilizing the AuNPs. 

DNA-NPs with less diluted ligand shells are preferable for applications for which 

a simple “on/off” response is desired, because a highly cooperative reaction will generate 

the largest visible response over the shortest concentration range. 

 Our results have wide-reaching implications, because they suggest that the 

properties of other materials composed of polyvalent building blocks that experience 

considerable attractive and repulsive forces can be tailored for specific applications by 

diluting the number of reactive groups.  

The insights we gained from studying the ligand shell composition of DNA-

functionalized nanoparticles, and the impact of their assembly arrangement and 

recognition strand density upon the structure and reactivity of the resulting nanoparticle 

assemblies will significantly impact the future design and development of biomolecule-
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functionalized nanoparticles, leading to production of materials with precisely defined 

properties. 
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APPENDIX A 

CHAPTER II SUPPLEMENTARY INFORMATION 

Determination of AuNP Size Distribution using SAXS 
	
 

The size distribution of purchased and prepared AuNPs were determined using 

small angle X-ray scattering (SAXS). AuNP samples were exposed to monochromated X-

rays from a Long Fine Focal spot (LFF) sealed X-ray tube (Cu 1.54 Å) powered by a 

generator at 2 kW focused by multilayer optics, measured with a Roper CCD in a Kratky 

camera. The Anton Paar SAXSess, in line collimation mode, was set to average 50 x10s 

scans (large NPs) or 45s scans (small AuNPs). Dark current and background solution 

scans were collected for the same exposure times, and subtracted from the data before 

desmearing using the beam profile in Anton Paar SAXSQuant software.  This data was 

imported into IGOR Pro, and reduced to 200 points, matching the number of bins to be 

fit. The size distribution of the synthesized (12.3 ± 1.9 nm) and purchased AuNPs (5.0 ± 

0.5 nm) used in our study were determined (Figure A1) using the Modeling II macro in 

the IRENA package1–4.   

Determination of AuNP Shape using TEM 
 

TEM analysis of AuNP shape was performed using an FEI Technai G2 Spirit 

TEM operating at 120 kV. Amine-functionalized TEM grids were purchased from Dune 

Sciences (Eugene, Oregon), and floated on 10 uL AuNPs for 1 minute, before being 

rinsed with water and dried by wicking. Data confirmed that AuNPs were spherical 

(Figure A2). 
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Figure A1: SAXS scattering data and corresponding model fits for aliquots of different 
sized AuNPs used to prepare DNA-NPs The size distribution of the synthesized (12.3 ± 
1.9 nm) and purchased AuNPs (5.0 ± 0.5 nm) used in our study were determined using 
the IgorPro’s Irena Modeling II macro. 
 

 
 
Figure A2: TEM micrographs of a) 12nm citrate-stabilized AuNPs prepared by sodium 
citrate reduction of HAuCl4 and b) 5nm AuNPs purchased from Nanocomposix 

 
Analysis of Excess Ligand Removal using Fluorescence Spectroscopy 
 

15 nm AuNPs were functionalized using a fluorescently tagged ligand (TYE563-5’-

T24-3’-S-S-(CH2)3OH,	ε	=	205 000 L/(mole·cm)), as described in the Experimental 

section. 1400 strands/NP were added during functionalization. DNA-NP samples were 

stored in amber tubes before and after purification to prevent photobleaching. Standard 
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solutions of fluorescently tagged DNA were also stored in amber tubes prior to 

measurement. DNA-NPs were purified by performing a series of centrifugation steps (20 

000 rcf, 15 min.), adding sufficient 1 mM tris acetate 100 mM NaCl buffer to the sample 

to adjust it to its original mass after each spin. The fluorescent emission of each 

supernatant was measured using an SPEX Fluoromax-3 instrument (Jobin Yvon Inc., 

Horiba Group, New Jersey) (Figure A3a) in Emission Acquisition mode, and used to 

assess removal of the excess DNA.  Steady state measurements were made by exciting 

samples at 548 nm and collecting emission counts from 552-650 nm (1 nm increments, 1s 

integration times). After two spins, very little free ligand remains in solution. To ensure 

the AuNPs were purified prior to quantification, 4 spins were used to remove excess 

ligand from each 12 nm DNA-NP sample. 

 
5 nm AuNPs were functionalized using a fluorescently tagged ligand (TYE563-5’-

A12-3’-S-S-(CH2)3OH,	ε = 157 400), as described in the Experimental section. DNA-NPs 

were purified by performing a series of centrifugation steps above a 50 kDa filter 

membrane (13 500 rcf, 9 min.), adding 500 uL 1 mM tris acetate 100 mM NaCl buffer to 

the sample to adjust it to its original mass after each spin. The fluorescent emission (Ex. 

549 nm, Em. 563 nm) of each flowthrough was measured using the SPEX Fluoromax-3 

instrument (Figure A3b), as described above. After 4 spins, very little free ligand remains 

in solution. To ensure nanoparticles were purified prior to quantification, 5 spins were 

used to remove excess ligand from each 5 nm DNA-NP sample. 
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Figure A3: Fluorescence emission of solution containing excess fluorophore-tagged 
DNA removed from DNA-NP samples by centrifugation during AuNP purification. (a) 
DNA present in supernatant after each centrifugation step during purification of 12 nm 
DNA-NPs. (b) DNA present in flowthrough after each centrifugation step during 
purification of 5 nm DNA-NPs. 
 
 

During initial development of our UV-visible spectroscopy based quantification 

method, we noticed that our analytical method was producing inconsistent values for the 

number of DNA strands bound to each NP during replicate measurements performed on 

the same sample. We hypothesized that there may be another component in the reaction 

mixture (other than the DNA and decomposed NPs) that may be absorbing light at 260 

nm, which would mean a term was missing from Equation 3. We found that some buffers 

commonly used for purifying DNA-NPs absorb at 260 nm (Figure A4), and the 

centrifugation process would therefore cause systematic errors. Reducing the 

concentration of Tris acetate from 25 mM to 1 mM in the buffer solution and 

resuspending the nanoparticles in nanopure after purification eliminated this source of 

error from our calculations. 
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Figure A4: UV-visible absorbance of buffers used during DNA-NP purification 

 

The presence of DNA2 introduced an average error of 0.2% when determining the 

DNA1 concentration. The presence of DNA3 introduced an average error of 6% when 

determining the DNA1 concentration. A similar experiment was preformed using DNA4, 

determining its concentration with and without DNA2 (total DNA concentration in 

mixtures = 100 nM). The presence of DNA2 introduced 9% error when determining the 

concentration of DNA4, when DNA4:DNA2 molar ratio was greater than 10:90 (Figure 

A5c). The presence of DNA3 introduced substantial error in determining the 

concentration of DNA4, when the DNA4:DNA3 molar ratio was less than 50:50 (data not 

shown). 

 



	 95 

 
 
Figure A5: Fluorescent dye assay emission data collected from solutions containing 
known concentrations of DNA. (a) DNA1 with and without DNA2 (b) DNA1 with and 
without DNA3 (c) DNA1 with and without DNA4 (d) DNA5 with and without DNA2. 
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APPENDIX B 

CHAPTER III SUPPLEMENTARY INFORMATION 

Materials 

All DNA samples were purchased from Integrated DNA Technologies 

(Coralville, Iowa). DNA sequences were purified by either the standard desalting method 

or HPLC. A “Quant-It” OliGreen ssDNA Assay kit was purchased from Thermo Fisher 

Scientific (Grand Island, NY). Clear 1.5 mL microcentrifuge tubes were purchased from 

VWR (Radnor, PA). DNA sequences were purified by either the standard desalting 

method or HPLC. A “Quant-It” OliGreen ssDNA Assay kit was purchased from Thermo 

Fisher Scientific (Grand Island, NY). Clear and amber 1.5 mL microcentrifuge tubes and 

opaque polypropylene black 96 well plates (Costar) were purchased from VWR (Radnor, 

PA). Sodium citrate dehydrate and hydrogen tetrachloroaurate hydrate were purchased 

from Sigma Aldrich (St. Louis, Missouri). Amine-functionalized TEM grids were 

purchased from Dune Sciences (Eugene, Oregon). 

Synthesis of PEG3 Ligand 

The protected thiol MEEE-BS ligand (PEG3) was synthesized and purified as 

described previously.[1] Briefly: 2-[2-(2-chloroethoxy)- ethoxy]ethanol (2.0 g, 11.9 

mmol) was dissolved in 150 mL nanopure water. Sodium thiosulfate (0.8 molar 

equivalents) was added and the solution was refluxed for 3 hours. Water was removed in 

vacuo, then the crude product was dissolved in ethanol and gravity filtered. Ethanol was 

removed by rotary evaporation, yielding the colorless, viscous oil product. 
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Instrumentation 

UV-visible absorbance spectra of AuNP and DNA solutions, DNA-NPs, 

DNA/PEG3-NPs and assemblies were obtained using either a BioTek Synergy 2 

instrument or a Mikropack DH-2000 UV-vis-NIR light source equipped with an Ocean 

Optics USB2000 spectrophotometer or or a Hewlett Packard 8453 spectrophotometer 

with HP ChemStation. UV-visible spectra of DNA were obtained using these or a Thermo 

Scientific Nanodrop 2000 spectrophotometer path length (10mm) and baseline corrected 

at 340nm. 

The endpoint (after 5-15 minutes) fluorescent emission of solutions used to 

quantify DNA were measured in 96-well opaque black well plates (Costar) using a Biotek 

Synergy 2 instrument equipped with a tungsten lamp and filters (EX 485/20 nm, EM 

528/20 nm). The data collection time was autoscaled, so that 80,000 counts were emitted 

from the well containing the highest concentration of DNA. 

Determination of DNA-NP and DNA/PEG3-NP Size, Shape, and Ligand Shell 

Composition before and after Incubation in 300 mM NaCl 

 
UV-visible spectroscopy (Figure B1) was used to confirm that the DNA-NPs and 

DNA/PEG3-NPs maintained their overall size and shape during assembly. The UV-

visible absorbance peaks collected after incubating the samples for 3 days in 300 mM 

NaCl had the same λmax and FWHM as before the incubation, which indicates that the 

DNA-NPs and DNA/PEG3-NPs maintained their core size and shape (Figure B1). 

SAXS patterns were obtained as described in Appendix A, and used to determine 

the size and polydispersity of DNA-NP samples before and after incubation in 300 mM 
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NaCl solution (Table B1).  While the core size of some AuNPs (originally 12.2 ±1.2 nm) 

had slightly increased during DNA functionalization, their size and polydispersity did not 

change appreciably as the result of incubating the AuNPs in buffered solutions containing 

300 mM NaCl.  

 

 

Figure B1: UV-visible spectra of DNA-NPs and DNA/PEG3-NPs before (black) and 
after (red) 300 mM NaCl incubation. Assembly System II: (a) Aptamer-NPs (b) cDNA-
NPs. Assembly System IV: (c) Aptamer-NPs (d) cDNA-NPs 
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Table B1: Characterization of DNA-NP and DNA/PEG3-NP core size and polydispersity 
before and after 300 mM NaCl incubation 

 
Assembly 

System 

(Figure 3.1) 

DNA 
sequence 

Core size/ 
polydispersity 

Core size/ 
polydispersity 

II Aptamer 12.6±1.2 12.5±1.3 

12.6±1.0 II cDNA 12.7±1.2 

IV Aptamer 12.2±1.6 12.2±1.7 

IV cDNA 12.4±1.3 12.4±1.2 

 
 

Determination of the Number of DNA Strands per AuNP using UV-visible Spectroscopy 
 
UV-visible spectroscopy and fluorescence spectroscopy were used to determine 

the number of DNA strands per AuNP before and after incubation in 300 mM NaCl 

(Table B2). The number of DNA strands per AuNP was calculated by dividing the DNA 

concentration by the AuNP concentration. The concentration of AuNPs in each sample 

was determined using the A520 and calculated extinction coefficient of AuNPs of the same 

core size.  The concentration of DNA was determined by decomposing the DNA-NPs 

using cyanide, mixing the resultant solution with Oligreen dye, and comparing the 

fluorescence of the resultant solution to a calibration curve prepared using pure DNA[2].  

The PEG3 ligand absorbs light strongly at 260 nm, so UV-visible spectroscopy could not 

be used to quantify the ligand shell directly. 
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Table B2: Number of DNA strands per AuNP for DNA-NPs and DNA/PEG3-NPs before 
and after 300 mM NaCl incubation 

Assembly 
System 

(Figure 3.1) 

DNA 
sequence 

Before 
incubation 

After 
incubation 

II Aptamer 27±1 26±1 

122±1 II cDNA 124±1 

IV Aptamer 21±1 20±1 

IV cDNA 59±4 61±2 

 

These results indicate that the ligand shell composition of the DNA-NPs and 

DNA/PEG3-NPs did not change as a result of being incubated in solutions containing 

300 mM NaCl for 3 days during AuNP assembly. 

Separation of Assemblies from Individual DNA/PEG3-NPs 
 

Almost all DNA-NPs assembled into Assembly System II, and none of the DNA-

NPs assembled into Assembly System III. Some, but not all, of the DNA/PEG3-NPs were 

incorporated into the pellet during centrifugation after incubation (Figure B2). 

Interestingly, the DNA/PEG3-NPs in the supernatant indicated exhibited changes in their 

UV-visible absorbance spectrum indicating that they partially assembled. In particular, 

their SPR peak shifted to longer wavelengths and their FWHM increased, but not as 

much as those DNA/PEG3-NPs in the pellet. This suggests a more nuanced assembly 

behavior. In future investigations, adding additional NaCl during DNA/PEG3-NP 

assembly may increase the proportion of the AuNPs that assemble. 
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Figure B2: UV-visible spectra of DNA/PEG3-NPs in pellet and supernatant after 
centrifugation.  

 
Preparation of DNA-NP and DNA/PEG3-NP Samples for TEM Analysis 

To confirm that our TEM grid preparation method did not introduce experimental 

artifacts caused by drying effects, the same sample was prepared for TEM analysis with 

and without diluting the 10 uL droplet containing unassembled DNA/PEG3-NPs with 

water prior to transferring the grid to the rinse solution. It is clear from our TEM results 

that simply transferring the grid to the water rinse droplet causes the DNA/PEG3-NPs to 

stick together on the TEM grid, giving the appearance of assembly formation  

(Figure B3a). Diluting the droplet with 200 uL nanopure before transferring the grid to 

more water for a static rinse (float on water) allowed the DNA/PEG3-NPs to remain 

dispersed on the TEM grids (Figure B3b). 
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Figure B3: Representative TEM micrographs of individual DNA/PEG3-NPs from 
samples prepared (a) with and (b) without diluting the DNA/PEG3-NP solution with  
200 uL nanopure water before transferring the grid to the rinse solution. 
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APPENDIX C 

CHAPTER IV SUPPLEMENTARY INFORMATION 

Materials and Methods 

All DNA samples were purchased from Integrated DNA Technologies 

(Coralville, Iowa). DNA sequences were purified by either the standard desalting method 

or HPLC. A “Quant-It” OliGreen ssDNA Assay kit was purchased from Thermo Fisher 

Scientific (Grand Island, NY). Clear 1.5 mL microcentrifuge tubes and opaque 

polypropylene black 96 well plates (Costar) were purchased from VWR (Radnor, PA). 

Sodium citrate dihydrate, hydrogen tetrachloroaurate hydrate and UV-transparent 96 well 

plates (Corning) were purchased from Sigma Aldrich (St. Louis, Missouri). 2-[2-(2-

chloroethoxy)- ethoxy]ethanol (99%) was purchased from Aldrich. Amine-functionalized 

TEM grids were purchased from Dune Sciences (Eugene, Oregon). A complete 

description of the synthetic method for producing the PEG3 ligand is available in 

Appendix C. 

Instrumentation 

UV-visible absorbance spectra of AuNP, DNA and DNA-NP solutions were 

obtained using either a BioTek Synergy 2 instrument, a Mikropack DH-2000 UV-vis-NIR 

light source equipped with an Ocean Optics USB2000 spectrophotometer or a Hewlett 

Packard 8453 spectrophotometer with HP ChemStation. UV-visible spectra of DNA were 

obtained using these or a Thermo Scientific Nanodrop 2000 spectrophotometer path 

length (10mm) and baseline corrected at 340nm. 



	 104 

The endpoint (after 5-15 minutes) fluorescent emission of the solutions were 

measured in 96-well opaque black well plates (Costar) using a Biotek Synergy 2 

instument equipped with a tungsten lamp and filters (EX 485/20 nm, EM 528/20 nm). 

The data collection time was autoscaled, so that 80,000 counts were emitted from the 

well containing the highest concentration of DNA. 

Designing Reaction Conditions for Preparing DNA/PEG3-NP Assemblies 
 

Initially, we tried diluting the aptamer and cDNA ligand shells to the same extent 

using PEG3. Decreasing the number of recognition strands on each AuNP to below ~30% 

of their maximum surface coverage inhibited DNA-NP assembly. 

Given that DNA/PEG3-NPs functionalized with a range of different aptamer 

surface coverages were able to assemble with AuNPs functionalized with an intermediate 

number of cDNA ligands (55 cDNA strands per AuNP), we were surprised that our 

DNA/PEG3-NPs functionalized with diluted cDNA ligand shells (below approximately 

45 per AuNP) could not bind aptamer-functionalized AuNPs over any reasonable time 

frame. Decreasing the number of DNA recognition strands is expected to lower the 

enthalpy and entropy costs of assembling DNA-NPs that arise from electrostatic 

repulsion, while providing greater accessibility for binding.2 DNA-NP assembly may be 

inhibited when the recognition strand coverage on both sets of AuNPs is diluted because 

(i) there is a lower probability that multiple DNA bonds between DNA-NP will form, and 

(ii) individual bonds between DNA strands on AuNP surfaces will be less enduring due 

to the reversible nature of the AuNP hybridization process.  

DNA strand hybridization to DNA-functionalized surfaces is reversible, and DNA 

strands have a large probability of desorbing and performing a brief search for another 
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binding ligand in the near vicinity.3 Successful (e.g. enduring) DNA-NP hybridization 

may therefore require the availability of multiple unhybridized DNA strands nearby the 

initial binding strand, which may not be the case for DNA-NPs with significantly diluted 

ligand shells.  

Assessing DNA/PEG3-NP Stability during Assembly and Reaction with Adenosine 
 

UV-visible spectroscopy (Figure C1) and SAXS (Table C1) were used to confirm 

that DNA/PEG3-NPs retained their size and shape during assembly in solutions 

containing 600 mM NaCl.  

The TEM micrographs of the DNA/PEG3-NP assemblies (Figure 4.5) confirmed 

that the AuNPs remained spherical and maintained a similar core size before and after the 

incubation. The UV-visible absorbance spectra of DNA/PEG3-NPs incubated 

individually in 600 mM NaCl confirmed that the AuNPs retained roughly the same size 

and shape, as their λmax did not shift to longer wavelengths and their FWHM stayed the 

same (Figure C1). 

SAXS patterns were obtained as described in Appendix A, and used to determine 

the size and polydispersity of DNA-NP samples before and after incubation in 600 mM 

NaCl solution (Table C1).  While the core size of some AuNPs (originally 12.2 ±1.2 nm) 

had slightly increased during DNA functionalization, their size and polydispersity did not 

change appreciably as the result of incubating the AuNPs in buffered solutions containing 

600 mM NaCl (Table C1). Their core size and polydispersity remained the same for at 

least 3 weeks after ligand exchange (data not shown). 

 
 

 



	 106 

 
Figure C1: UV-visible spectra of DNA/PEG3-NPs before (solid line) and after (dashed 
line) 600 mM NaCl incubation. (a) Aptamer/PEG3-NPs functionalized with 24 aptamers 
per AuNP (b) cDNA/PEG3-NPs 
 
 
Table C1: Characterization of DNA/PEG3-NP core size and polydispersity before and 
after 600 mM NaCl incubation 
 

DNA strands per 
AuNP 

DNA 
sequence 

Core size/ 
polydispersity 

Core size/ 
polydispersity 

20 Aptamer 12.2±1.6 12.2±1.7 

12.2±1.2 24 Aptamer 11.8±1.5 

55 cDNA 12.4±1.3 12.4±1.2 

 

UV-visible and fluorescence spectroscopy quantification of the DNA/PEG3-NP 

ligand shell confirmed that the number of DNA strands per AuNP did not change 

appreciably as a result of the DNA/PEG3-NPs being incubated in solutions containing 

600 mM NaCl (Table C2). 
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Table C2: Number of DNA strands per AuNP for DNA/PEG3-NPs before and after  
600 mM NaCl incubation 

Target # DNA 
strands per AuNP 

DNA 
sequence 

Before incubation After incubation 

20 Aptamer 19.8±0.6 18±3 

26±3 24 Aptamer 25.5±0.6 

55 cDNA 59±4 61±2 

 

 The ligand shell of our DNA/PEG3-NPs did begin to decompose in water within 

20 days after completing the ligand exchange, as reported by others.4 They did not 

experience ligand loss as a result of being incubated in 600 mM NaCl for 4 days, but it 

would be unsurprising if they also began to decompose if stored in our assembly 

conditions over long time intervals. We therefore recommend that these nanoparticles be 

used soon after being prepared (as we did in our study). Alternately, AuNP samples can 

also be formulated to remain in tact when freeze-dried5, and sucrose has been identified 

as a method to preserve assembled the reactivity of assembled DNA-NPs6 during this 

procedure.  

TEM Analysis of Reaction between DNA/PEG3-NPs and Adenosine 

 TEM analysis confirmed that the DNA/PEG3-NPs separated in solution after their 

reaction with adenosine, because no DNA/PEG3-NP assemblies were present on TEM 

grids prepared from those samples (Figure C2). 
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Figure C2: Representative TEM micrographs of DNA/PEG3-NPs after reacting with 
adenosine 
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(a)      (b) 

 
(c)      (d) 

 
Figure C3: Additional TEM micrographs of AuNP assemblies formed from reacting 
cDNA/PEG3-NPs with apt/PEG3-NPs functionalized with (a) 20 (b) 24 (c) 30 or (d) 35 
aptamers per AuNP 
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