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Abstract 

 

Leveling Up DNA Hybridization Affinity and Specificity Using Heteromultivalent DNA-

Functionalized Particles 

 

By Brendan Deal 

 

 

Beyond the essential role that DNA hybridization serves in biological processes, it has also been 

demonstrated to be a powerful tool that enables many biological investigations and transformative 

applications in diagnostics, therapeutics, and nanotechnology. Despite the success of DNA 

hybridization-based applications, further enhancements in binding affinity and specificity are 

obstructed by several fundamental constraints. To bypass these obstacles, multivalent DNA 

hybridization has emerged as a promising strategy due to its ability to yield highly avid and specific 

binding. Numerous examples of multivalent DNA hybridization have been exhibited in recent 

years and have found significant utility in fields ranging from nanoparticle-based sensing to 

fundamental immunology. This dissertation begins by describing the fundamental parameters that 

influence multivalent DNA hybridization and highlighting several areas that have greatly benefited 

from the application of this concept. Following this guide to understanding and applying 

multivalent DNA hybridization, this dissertation presents two fundamental explorations into 

designing DNA-functionalized particles capable of high avidity and specificity binding to 

biologically relevant DNA targets using heteromultivalent DNA hybridization. Finally, essential 

steps towards further application of multivalent DNA hybridization in nanotechnology, sensing, 

and gene regulation are outlined. 
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1.1. Introduction 

Since elucidation of the structure of the DNA duplex in 1954 by Franklin, Watson, and 

Crick, nucleic acids have emerged as an enabling material outside of cell biology in a diverse array 

of disciplines, including diagnostics, therapeutics, and nanotechnology. The power of nucleic acids 

as a material is widely attributed to its easy chemical synthesis, high customizability, compatibility 

with enzymes, and particularly its simple base-pairing rules that allow straightforward binding 

known as hybridization. Nucleic acid duplexes are held together through the collective strength of 

many individual binding interactions, including hydrogen bond-mediated base pairing and van der 

Waals force-mediated base stacking. DNA, which is more commonly used due to its higher 

stability compared to RNA, first forms A-T and G-C base pairs through 2 or 3 individual hydrogen 

bonds, respectively. However, the primary stabilizing force for DNA hybridization is the base 

stacking that occurs between neighboring nucleotides on the same oligonucleotide strand 

following duplex formation.1 These cooperative binding interactions enable stable duplex 

structures while maintaining highly selective binding of an oligonucleotide for its complement. 

Despite the sequence-dependent specificity and high affinity of DNA hybridization, 

limitations exist which hinders further improvements in biotechnology applications. As the length 

of complementary oligonucleotide increases, the free energy of hybridization and the thermal 

melting temperature of the duplex will increase. Though high binding affinity is generally desired 

in many assays, there is a fundamental tradeoff between affinity and specificity. As affinity 

increases, discrimination between perfect match targets and single nucleotide mismatch or partial 

complement targets becomes more difficult.2 Another limitation is that when oligonucleotides 

becomes longer and more flexible, they are more likely to contain significant intramolecular 

secondary structure. This secondary structure can hinder the affinity and kinetics of hybridization 
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occurring in solution as well as on a 2D or 3D surface.3 Therefore, to avoid these well documented 

problems of secondary structure and loss of specificity, finding alternate approaches to increase 

the affinity of hybridization is desirable. 

To overcome these limitations, researchers have attempted to incorporate the concept of 

multivalent binding in DNA hybridization-based technologies. Multivalent binding occurs when 

two molecules or structures are bound through multiple individual binding interactions, such as 

ligand-receptor pairs. Biology has evolved to use a variety of multivalent interactions to enable 

higher affinity and higher specificity binding. For example, viral particles express trivalent 

hemagglutinin on their surface to allow high affinity multivalent binding to multiple sialic acid 

receptors on cell surfaces simultaneously, leading to increased infectivity.4 Multivalent 

interactions are also essential in carbohydrate binding as it allows glycan molecules that 

individually form weak and low specificity interactions with their receptors to bind cooperatively 

to achieve enhanced overall binding affinity and specificity.5 Mimicking these natural multivalent 

interactions, examples of artificial multivalent binders are now abundant. Recently, Xu et al. 

engineered self-assembling vesicles that exhibited enhanced multivalent binding to inhibit the 

growth of amyloid peptides fibrils.6 Kwon et al. demonstrated the ability of precisely designed 

DNA-based nanostructures to bind tightly to viral particles and aid in sensing and inhibition of the 

virues.7 

Inspired by these examples of multivalency, a number of fundamental concepts, new 

molecular designs, and related applications of multivalent DNA hybridization have emerged 

recently and are the focus of this chapter. Herein, multivalent DNA hybridization is defined as a 

binding interaction that is mediated by the hybridization of multiple pairs of complementary 

oligonucleotide sequences presented on two structures (Figure 1.1A). Moreover, we classify these 
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interactions as tertiary level multivalent binding to distinguish them from the two existing levels 

of multivalent binding present in a standard DNA duplex. Specifically, the 2-3 distinct hydrogen 

bonds that link pair two nucleotides together can be considered the primary level, while the 

multiple individual base pairs that link two oligonucleotides together can be regarded as the 

secondary level of multivalent binding. Finally, we will use the terms “probe” and “target” to 

describe the multivalent structures that present the complementary oligonucleotide “ligands” and 

“receptors”, respectively. However, in some cases the probe and target are physically identical 

structures, such as two nanoparticles with the same diameter, and thus probe and target can be used 

interchangeably. 

Examples of this tertiary level of multivalency, often simply referred to as multivalent 

DNA hybridization in this thesis, explored thus far include binding between a DNA-coated 

structure (nanomaterial or particle) or surface and a complementary single-stranded target,8-9 two 

 
 

Figure 1.1. The tertiary level of multivalent binding in nucleic acid hybridization. (a) 

Scheme describing the primary, secondary, and tertiary levels of multivalent binding in DNA 

hybridization. (b) Examples of tertiary level multivalent binding interactions between different 

probe and target structures and materials. 
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DNA-coated structures,10-11 a DNA-coated structure and a DNA-coated surface,12-14 and a DNA-

coated structure or surface and a cell presenting DNA on its outer membrane (Figure 1.1B).15-16 

Furthermore, investigations of multivalent DNA hybridization have explored both 

homomultivalent interactions, where each oligonucleotide duplex is identical, and 

heteromultivalent interactions, with multiple oligonucleotide pairs with unique sequences (Figure 

1.1A). Successful multivalent interactions between structures of varying material, shape, and size 

often require careful design of a multivalent probe for the desired multivalent target to achieve 

optimal overall binding. Important design parameters include the positioning of each ligand on the 

probe and receptor on the target, the number of ligands and receptors presented (n), as well as the 

individual affinity between each binding partner. Additionally, the length of the spacer between 

binding regions on a single stranded target or of the linker connecting oligos to a multivalent 

structure can significantly impact the effectiveness of the multivalent hybridization. Finally, the 

anchoring orientation and binding geometry of oligos can further tune multivalent binding 

properties and applications. Implementing this tertiary level of homo- or heteromultivalent binding, 

offers more tunable binding parameters that has enhanced the utility of polynucleotide 

hybridization in nanotechnology, sensing, and biological investigations. 

 

1.2. Fundamentals of Multivalent DNA Hybridization 

1.2.1. How Does Multivalency Enhance Binding Affinity and Specificity? 

Multivalent binding interactions can achieve collective affinities, or avidities, that are much 

stronger than a monovalent binding interaction. Often, multivalent interactions are thought to be 

stronger simply because they are the combination of many individual monovalent binding 

interactions. However, the multivalent binding free energy is not equal to the sum of the individual 
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monovalent binding free energies. Instead, the degree of the binding enhancement from 

multivalent binding depends on many other parameters. To better understand these parameters that 

determine the multivalent binding avidity, we will describe a simple bivalent binding event, where 

linked ligands A and B bind multivalently to linked receptors A’ and B’. Each individual binding 

event involved in a multivalent interaction takes place sequentially. Thus, we will begin with A 

binding A’, although it is equally likely that B could bind B’ first. This initial binding event mimics 

a typical monovalent interaction where the amount of binding at equilibrium is influenced by the 

concentration of each binding molecule, i.e., the number of molecules in a solution with a fixed 

volume. After A is bound to A’, the next interaction can then take place. Unlike ligand A which 

had to locate its receptor A’ from anywhere in the entire solution volume, ligand B is constrained 

within a drastically smaller volume as it is physically linked to ligand A, which has already bound 

the target. The volume that ligand B can occupy through diffusion is now based on the length of 

the linker connecting it to A, rather than the total volume of the solution. If designed properly, 

receptor B’ will also be located within this reduced volume and thus have a higher local or effective 

concentration. To account for this higher effective concentration, B then binds B’ with an enhanced 

affinity, Keq, B, multi, according to the following equation:  

Keq, B, multi = Keq, B, mono * ceff (1) 

where Keq, B, mono is the monovalent binding affinity and ceff is a factor to account for the effective 

concentration. The total affinity term for the bivalent interaction, Keq, A-B, multi is thus: 

Keq, A-B, multi = Keq, A, mono * Keq, B, mono * ceff (2) 

Several factors can influence ceff in the multivalent binding affinity equation above, but it 

can be approximated as the total concentration of receptor B’ molecules located in the volume that 

B can reach after A has bound A’. To maximize ceff, the multivalent interaction should thus be 
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designed such that there are as many B’ molecules as possible within as small of a volume as 

possible. In the case where there is only one copy of B’ on the target, the length of the linker can 

be increased to ensure that B’ is located within the diffusion volume of B. However, ideally the 

linker will be just long enough for B to reach B’ as any length longer would increase the volume 

without offering additional access to B’ receptors. Alternatively, if the linker is too short and B 

can’t interact with B’ then ceff becomes 0 and thus the total multivalent binding avidity is 0 as well. 

Beyond the factors that impact ceff, the individual binding affinity terms for A binding A’ and B 

binding B’ can also change in several instances. For example, strain experienced by the linker, 

interactions between the linker and the target, and cooperative interactions where one binding 

event has a significant impact on subsequent binding events can all further tune the overall binding 

avidity. For further discussion on the impact of linkers and the effective concentration model, see 

section 1.2.6. Linkers and Spacers Increase Reach and Provide Flexibility to Multivalent 

Hybridization Interactions. In addition to enhancing the affinity, multivalent binding can also 

lead to more specific binding events. For example, if A binds A’ with an affinity 10x stronger than 

its affinity to C’, then the total affinity between a bivalent molecule A-A and a bivalent target A’-

A’ will be 100x greater than between A-A and C’-C’. These enhancements in avidity and 

specificity for a bivalent interaction, can potentially be even greater when the binding valency is 

further increased, though effective design becomes more difficult. For further discussion on the 

avidity and specificity of multivalent interactions, see Chapters 2 and 3, respectively. 

 

1.2.2. Defining Homomultivalent and Heteromultivalent DNA Hybridization 

All tertiary level multivalent DNA hybridization interactions can be divided into two main 

categories: homomultivalent (homoMV) hybridization and heteromultivalent (heteroMV) 
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hybridization. In homoMV hybridization interactions, each individual ligand and individual 

receptor have the same sequence, resulting in the formation of multiple identical duplexes. The 

most common type of homoMV hybridization occurs between two homoMV DNA nanostructures 

or DNA-functionalized structures, such as nanoparticles, microparticles, or surfaces. In the many 

examples of this class of homoMV hybridization described in recent years, a large variety of 

materials have been used as the scaffold linking the oligonucleotides. For example, Estirado et al. 

demonstrated homoMV binding between a 1-D rod-like polymer presenting a homomultivalent 

DNA display and a DNA duplex with identical short single-stranded overhangs.10 Bazrafshan et 

al. showed also that homoMV-binding DNA origami rods can bind and roll along a surface densely 

coated with the complementary RNA strand.14 Meanwhile, Kern et al. investigated homoMV 

binding occurring between DNA origami-coated silica beads and protein-linked DNA receptors 

studding the surface of a cell.16 Though less common, multivalent binding between homoMV 

DNA-functionalized structures and single-stranded DNA containing multiple repeating sections 

has also been explored. Curk et al. demonstrated the concept by computationally modeling 

homoMV binding between a DNA-functionalized surface and a full-length bacterial genome 

target.9 Due to the length of the bacterial genome target used in this work many sections contain 

significant complementarity to a single oligonucleotide sequence and thus could form many 

individual duplexes with the surface. However, detection of shorter sequences, which are less 

likely to possess significant repetitions, is often more desirable, and therefore homoMV binding is 

not appropriate for such targets.  

Alternatively, in heteroMV hybridization interactions, multiple distinct ligand and receptor 

sequences are involved, yielding multiple non-identical duplexes. Like homoMV hybridization, 

heteroMV hybridization can occur between two DNA nanostructures or DNA-functionalized 
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structures. For instance, Nangreave et al. investigated heteroMV binding between two DNA tile 

nanostructures that formed heterodimers through the interaction of several sticky end-mediated 

hybridization events.11 In addition to being able to bind other heteroMV structures, heteroMV 

structures are able to bind single-stranded targets with non-repetitive sequences, and therefore have 

expanded target options compared to homoMV structures. We characterized the properties of 

heteroMV binding to ssDNA using gold nanoparticles functionalized with up to 6 distinct oligo 

sequences (Chapter 2).8 The six oligos were designed to bind consecutively along a ~100mer 

ssDNA sequence that was based on a common drug target’s transcript. Beyond the increased 

targeting capabilities, heteroMV structures can simultaneously present ligands with different 

lengths or G/C contents which allows more control over the thermodynamics and kinetics of the 

multivalent binding. Moreover, Schueder et al., as well as our own work discussed in Chapter 3, 

demonstrated that heteroMV binding can be used to detect the proximity of two unique oligo 

sequences, or oligo-linked proteins, in “AND” logic gate type assays.17  

 

1.2.3. The Spatial Arrangement of Oligonucleotides Significantly Impacts Multivalent 

Hybridization 

For both homoMV and heteroMV hybridization, an important design parameter is the 

spatial arrangement of individual ligands and receptors at the probe-target interface. Forming an 

effective multivalent hybridization interaction requires each ligand to physically interact and 

hybridize with each receptor. For example, if a probe presents two ligands spaced 5 nm apart it 
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will suffer from a large energetic penalty if it were to bind bivalently to a target that presents two 

receptors spaced 50 nm apart, or instead not be able to form the multivalent interaction at all 

(Figure 1.2A). One approach to achieve proper ligand spacing is to use DNA nanostructures or 

DNA origami structures to precisely position each oligo ligand. Nangreave et al. demonstrated 

that binding between two DNA tile structures that each positioned oligos with identical inter-oligo 

distance resulted in an approximately 2-fold greater change in free energy when increasing valency 

from 1 to 4.11 However, precise control of the spacing between ligands on a surface coated 

randomly with a layer of DNA is more challenging. In this case, the spacing between each ligand 

 

 

Figure 1.2. Impact of ligand spatial arrangement. (a) Example of how the distance between 

ligands can impact the effectiveness of multivalent binding to a target that presents receptors 

with a specific distance between them. (b) Scheme describing how ligand density can be 

optimized to maximize total binding to a densely functionalized target. (c) One method for 

controlling the position and spacing of DNA ligands on a particle or surface, adapted from 

Edwardson et al.22 (d) In heteroMV binding, ligands and receptors must have matching 

positions to allow multivalent binding. (e) Structures with ligands on a fluid surface, such as a 

supported lipid bilayer, can allow ligand diffusion to form more effective multivalent binding. 
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can be approximately controlled by adjusting the oligo concentration incubated with the scaffold 

to tune the oligo density on the surface. In many cases, the density of DNA on the surface can 

simply be maximized to ensure that individual oligos are close enough to form as many duplexes 

as possible with the target (Figure 1.2B). Scheepers et al. measured binding between two colloidal 

particles presenting complementary oligos and found that hybridization-mediated aggregation 

rates were highly sensitive to the density of DNA on each particle as minimal aggregation occurred 

with 4x103 ligands/um2 and maximum aggregation occurred with 2.2x104 ligands/um2.18 Other 

studies also observed this “super-selectivity”, where binding selectivity is based on the number of 

interactions formed rather than the presence or absence of a target.9-10 However, though not directly 

quantified in multivalent binding systems, Pinheiro et al.’s findings in monovalent binding systems 

suggest that high density and steric crowding can decrease hybridization on-rates by as much as 

~20%.19 Moreover, Randeria et al. suggests that higher density leads to more stable monovalent 

hybridization for the first few targets that bind a DNA-coated surface due to a higher local salt 

concentration, but finds that each additional duplex formed makes binding less favorable.20  

Alternatively, to control more precisely the spacing of ligands on a surface, several 

approaches have been described that make use of DNA nanostructures to transfer DNA ligands to 

the surface of the material in a controlled fashion. For example, Suzuki et al. created a 1D DNA 

template-based method to deposit two oligos on a gold nanoparticle with precise spacing.21 Later, 

Edwardson et al. instead demonstrated patterning of oligos in 2D shapes on a gold nanoparticle 

surface using simple DNA nanostructure templates (Figure 1.2C).22 Finally, Xie et al. 

encapsulated gold nanoparticles inside 3D DNA lattices to transfer a 3D arrangement of oligos 

onto the gold nanoparticle.23 These template-based approaches all enabled highly controlled oligo 
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spacing and patterning, though the multivalent binding capabilities of the resulting patterned DNA-

particles were not explored. 

Additionally, heteroMV-hybridizing structure design must consider the order or 

arrangement of each individual ligand on the structure in order to match the positions of their 

complements on the target (Figure 1.2D). For example, Nangreave et al. used DNA tile 

nanostructures to ensure that each pair of complementary oligos were presented in a specific order 

directly across from each other.11 We instead used a different approach to match the order of oligos 

on the surface of a particle with a ssDNA target (Chapter 2).8 Specifically, we first bound each 

oligo ligand monovalently to the target sequence to arrange the oligos in the correct position 

relative to each other. Then excess of the target-ligand complex was incubated with gold 

nanoparticles to deposit many series of the ligands on the surface of the particle while still bound 

to the target. In this way, the oligo ligands were positioned with appropriate spacing and ordering 

to then efficiently re-bind the same target sequence heteromultivalently. This method resulted in a 

~15 order of magnitude enhancement in binding affinity for particles with controlled instead of 

random ligand positioning. 

Beyond simply matching ligand spacing on the probe with receptor spacing on the target, 

ligand spatial arrangement can also impact multivalent binding in other ways. Nangreave et al. 

revealed that when two sticky end associations were on adjacent helices, the multivalent binding 

based-increase in -ΔH was ~30 kcal/mol, while two binding pairs spaced further apart instead 

reduced -ΔH by ~3 kcal/mol relative to monovalent binding.11 Moreover, Bazrafshan et al. showed 

that DNA origami motors moved more linearly and processively when ligands were located in the 

middle of the motor instead of at the two ends.14 However, in the case of ligands on a fluid surface, 

such as DNA attached to a supported lipid bilayer, spacing between ligands is less important than 
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the total ligand density due to lateral mobility. Dubacheva et al. showed in a host-guest binding 

multivalent system that when ligand density is moderate, total binding is higher and more selective 

on a fluid surface because more ligands are able to diffuse into the binding region and stabilize the 

interaction (Figure 1.2E).24 However, when ligand density is high, total binding was observed to 

be lower experimentally and computationally on a fluid surface because surface bound-targets 

recruited too many nearby ligands and resulted in a global depletion of ligands on the surface. An 

additional approach to overcome energetic penalties due to uneven ligand-receptor spacings in 

multivalent hybridization is to include flexible linkers and spacers (See section 1.2.6. Linkers and 

Spacers Increase Reach and Provide Flexibility to Multivalent Hybridization Interactions 

for this discussion). Taken together, controlling the spatial arrangement in multivalent systems is 

critical in tuning multivalent binding properties and dictating the effectiveness of the desired 

function.  

 

1.2.4. The Value of n Dictates Binding Valency of Multivalent Hybridization Interactions 

Another critical parameter in multivalent hybridization is the binding valency, or the 

number of individual duplexes formed in a multivalent interaction. In well controlled systems 

where the probe or target has a specific number of ligands or receptors (n), the binding valency of 

homoMV and heteroMV binding interactions should be equal to the smaller n value, assuming 

proper spacing and positioning (Figure 1.3A). This was shown by Estirado et al. where the target 

was converted from n=1 to n=6 through the addition of ssDNA overhangs, leading to a linear 

decrease in ΔG and >4 order of magnitude increase in binding affinity, suggesting increased 

binding valency (Figure 1.3B).10 Similarly, Nangreave et al. generally observed more 
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energetically favorable binding and increasing melting temperatures with a ~25°C higher Tm when 

n was increased from 1 to 4.11 However, in both homoMV and heteroMV binding if the spacing 

or positioning is mismatched, then valency will be less than n and instead be equal to the number 

of ligands that can bind simultaneously as discussed in the previous section 1.2.3. The Spatial 

Arrangement of Oligonucleotides Significantly Impacts Multivalent Hybridization (Figure 

1.2B and 1.2D). Similarly, if the shapes of the target and probe are not compatible then the valency 

 

 

Figure 1.3. Impact of n and binding valency. (a) Scheme illustrating how the probe or target 

with the smaller value of n determines the maximum binding valency. (b) Idealized plot 

describing the positive linear relationship between binding valency and -ΔH of the multivalent 

interaction. (c) 3D shape of the probe and target can determine overall binding valency. (d) 

Mean binding valency of a heteroMV binding interaction between a surface with random ligand 

arrangement and a target peaks and then decreases as n increases due to probability of ligands 

being positioned correctly decreases, adapted from Deal et al.8  

 



15 
 

can be limited as well. For example, in the case of a cube binding a 2D surface, it is not possible 

for all of the ligands on the probe to bind the target simultaneously as some ligands are located too 

far away from the contact area of the two structures (Figure 1.3C).18 Relatedly, when spheres or 

cylinders hybridize to surfaces, there is a discrete contact area at the interface of the two DNA-

coated scaffolds, thus resulting in binding valencies less than n. Yet, when engineering DNA-

based artificial motors, these unbound oligos away from the initial binding interaction were 

coupled with enzymatic activity to power processive rolling of the structure across the surface.13-

14 

For heteroMV binding where either the probe or the target has a random ligand 

arrangement, the relationship between n and binding valency is more complicated. We showed 

that if the ligands are arranged randomly, binding valency saturates once n reaches a certain value, 

which varied between n=4 and n=6 based on assay conditions and individual oligo binding 

affinities, and then decreases (Figure 1.3D and Chapter 2).8 This observation is based on the 

probability that each ligand is positioned in the right location, which decreases as n increases. Thus, 

when n is low, the impact of ordering and spacing on binding valency is less significant. 

 Ultimately, the binding valency of multivalent hybridization can greatly impact binding 

thermodynamics and kinetics. One straightforward effect is that increasing binding valency leads 

to increased collective binding affinity, referred to as avidity, as described in section 1.2.1. How 

Does Multivalency Enhance Binding Affinity and Specificity?.8, 10 Therefore, when aiming to 

increase assay sensitivity, it is desirable to increase binding valency as much as possible to 

maximize avidity. Similarly, Scheepers et al. showed experimentally and computationally that 

increasing receptor density, and thus increasing binding valency, led to sharp increases in particle-

particle binding rates.18 However, as binding valency increased, particles presenting higher affinity 



16 
 

ligands lost selectivity, whereas the selectivity of particles with low affinity ligands increased (see 

section 1.2.5. Individual Oligonucleotide Length and Monovalent Binding Affinity Impacts 

Binding Avidity and Selectivity for further discussion). Recently, the impact of higher binding 

valency has been further investigated in the context of DNA-based artificial motors by 

Kowalewski et al. through simulations. It was found that increasing multivalency (up to n=16) 

allows the motors to travel longer on the surface before detaching, though the translocation speed 

of the motors was actually reduced.25 These examples demonstrate that while increasing valency 

is often desirable, there are also instances when lower valency binding might be more 

advantageous depending on the desired outcomes. 

 

1.2.5. Individual Oligonucleotide Length and Monovalent Binding Affinity Impacts Binding 

Avidity and Selectivity 

The binding strength of each distinct nucleic acid duplex, often dictated by the number of 

base pairs and G/C content in the duplex, can tune the overall properties of multivalent 

hybridization interactions including avidity (Figure 1.4A). Estirado et al. demonstrated that 

presenting ssDNA overhangs with 5 complementary nucleotides instead of 4 resulted in two orders 

of magnitude higher binding avidity.10 However, many works have observed that increasing 

individual oligonucleotide binding affinity can result in worse cooperativity as a single duplex 

becomes strong enough to form a stable monovalent interaction (see Chapter 3 for further 

discussion). On the contrary, shorter length or lower affinity ligands can give rise to strong 

cooperative binding that results in super-selective binding (Figure 1.4B). As discussed in the 

section 1.2.3. The Spatial Arrangement of Oligonucleotides Significantly Impacts Multivalent 

Hybridization, super-selective binding is characterized by a strong dependence on the receptor 
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density or total binding valency, where higher valencies yield strong binding and lower valencies 

yield weak binding.9 Scheepers et al. demonstrated that 9-15 bp duplexes between DNA-coated 

particles resulted in a linear dependence between particle binding events and receptor density, 

whereas 5-8 bp duplexes resulted in measured binding rates that increased nearly quadratically 

 
 

Figure 1.4. Impact of individual oligo length and binding affinity. (a) Longer or higher 

affinity ligands increases maximum binding avidity. (b) Use of shorter or lower affinity ligands 

can lead to “super-selective” binding that is highly sensitive to density of receptors on the target. 

(c) Computational data predicting how the affinity of each ligand presented on a bivalent probe 

impacts the specificity of binding a ssDNA target with 1 or 2 SNPs. Top, specificity for a target 

with a SNP in the S’ region is calculated as (SNP-containing target binding) / (non-SNP-

containing target binding). Bottom, specificity for a target with a SNP in the S1’ and in the S2’ 

regions is calculated as (double SNP-containing target binding) / (non-SNP-containing target 

binding). Adapted from Chapter 3. (d) Positioning ssDNA overhangs every 10 bp on a duplex 

scaffold to match helicity of DNA duplexes ensures that all ligands extend from the same side 

of the duplex. (e) Long, flexible linkers allow ligands to reach the opposite side of a duplex to 

allow 15 nt ligands to bind ssDNA targets without exhibiting strain. 
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with receptor density.18 Similarly, Estirado et al. showed in their 1D binding system that 5 bp 

duplexes demonstrated “super-selective” binding, while binding of 7-8 bp duplexes with stronger 

affinities did not depend significantly on binding valency or density.10 Similar trends were 

observed in our studies, where decreasing the affinity of each oligo by reducing the ionic strength 

of the buffer, resulted in more stable and higher valency binding to the target, with up to 5°C higher 

melting temperatures when n=6 (Chapter 2).8 

The individual oligonucleotide binding affinity or length can significantly impact the 

specificity of multivalent hybridization in addition to avidity. Curk et al. showed that when binding 

homomultivalently to a ssDNA target, if the binding oligo is shorter, it is more likely to encounter 

completely overlapping off-target sequences, resulting in lower discrimination between the 

genomes of similar bacterial strains.9 Alternatively, if the oligo is longer, it is unlikely to find a 

complete overlapping sequence but is more likely to form undesired binding interactions with 

partial overlapping sequences. This is one of the reasons why probes designed to detect single 

nucleotide polymorphisms (SNPs) typically fall in a narrow range of lengths, such as ~25 

nucleotide probes commonly used in microarray sensing assays.26 We also showed the importance 

of oligo affinity on heteroMV binding specificity in detecting single mutant and double mutation 

targets (Chapter 3). For single mutant targets, presenting a short tuning oligo (T) alongside a SNP-

binding oligo (S) allows more precise tuning of total binding affinity, thus allowing improved 

specificity (Figure 1.4C, top). For double mutant targets, cooperativity and specificity are both 

important and therefore two weak affinity oligos that bind cooperatively with strong discrimination 

for SNPs can result in enhanced binding specificity (Figure 1.4C, bottom). In this case, specificity 

was enhanced because each oligo is complementary to a SNP and thus can be easily distinguished 

from the wildtype target, which forms two mismatches with the probe. Important applications of 
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this include distinguishing heterozygous cis mutations from heterozygous trans mutations and 

discriminating between similar viral strains (Figure 1.9B, Chapter 3). 27-29 

  The length of binding ligands when binding ssDNA or dsDNA targets is also significant 

due to the fundamental structure of a DNA duplex. A beta-form DNA duplex contains ~10 bp for 

every rotation of the double helix and thus every 10th nucleotide is approximately on the same 

side of the duplex. When binding to ssDNA overhangs off of a dsDNA target, Estirado et al. 

ensured that each overhang extended in the same direction by using 10-11 nt duplexes in the 

dsDNA scaffold (Figure 1.4D).10 Similarly, when a DNA-functionalized structure binds a ssDNA 

target, using 10 nucleotide long ligands guarantees that the linker connecting each ligand to the 

structure spans as short of a distance as possible. However, previously we demonstrated effective 

heteroMV binding to ssDNA using 12-15 nt binding oligos (Chapter 2).8 In this case, the observed  

effective multivalent binding is likely a result of the use of flexible T10 linkers to attach the binding 

oligos to the particle surface, potentially allowing the binding oligos to bind their complementary 

target region without enthalpic cost due to straining (Figure 1.4E). Moreover, the presence of gaps 

between binding regions on the target can further minimize strain when using binding oligos that 

are not 10-11 nt long. The following section will further explain how linkers and spacers can be 

used to minimize enthalpic strain and enhance overall efficacy of multivalent hybridization. 

 

1.2.6. Linkers and Spacers Increase Reach and Provide Flexibility to Multivalent 

Hybridization Interactions 

In all multivalent structures, individual ligands are connected to each other through spacers 

or to a scaffold through linkers. Spacers and linkers can vary greatly in length, ranging from long 

polymers to several covalent bonds. In general, both spacers and linkers can be used to increase 
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the span, the distance that an oligo can reach, of multivalent probes and targets in order to form an 

effective interaction. If several ligands on a probe are positioned closer together than their 

receptors on the target, then the length of the linker that connects the ligands to each other or to 

 

Figure 1.5. Impact of linkers, spacers, and flexibility. (a) Illustration of using long linkers to 

allow ligands to span greater distances to bind their receptors. (b) Short linkers that must stretch 

to allow for multivalent binding can experience strain that results in enthalpic penalties. (c) 

Scheme describing the impact of loss of conformational entropy that flexible linkers experience 

after binding. If the linker maintains some flexibility after binding, then entropic costs are 

lower. (d) Effective concentration, ceff, model suggests that increasing linker length results in a 

larger maximum diffusion volume, v(L), for the unbound ligand and a lower ceff for the unbound 

receptor on the target. (e) For maximum ceff when binding a target with many receptors, such 

as a dense surface, there is a trade-off when increasing linker length. A shorter linker has smaller 

v(L) but can access fewer receptors, whereas a longer linker has increased v(L) but has more 

accessible receptors. 
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the probe can be tuned. Importantly, if the linker is too short, the ligands will not be able to bind 

multivalently at all (Figure 1.5A) or the linker will experience enthalpic strain as it stretches to 

allow the ligands to reach the receptors, thus lowering the stability of the binding interaction 

(Figure 1.5B). Schueder et al. demonstrated this concept well by showing that target binding could 

be tuned by increasing the linker length to approximate the spacing between two short DNA 

ligands.17 

Despite the increased span offered by linkers, initial studies assumed that flexible linkers 

become completely rigid after binding, even when longer than the distance between ligands, and 

thus will result in loss of conformational entropy upon binding (Figure 1.5C, top).30 Specifically, 

this would result in an entropic cost of binding due to loss in conformational freedom of 0.7 kcal 

mol-1 per freely rotating single bond of the linker. However, more recently, others found that 

linkers often maintain flexibility after binding and that the impact of flexible linkers is relatively 

minimal with a less severe penalty per linker bond (Figure 1.5C, bottom).31-32 One possible 

explanation of the impact of the linker length is the effective concentration (ceff) model (equation 

2). The ceff is defined as the ratio of the binding constants for the second ligand-receptor interaction 

(intramolecular) and first ligand-receptor interaction (intermolecular) formed between a 

multivalent probe and target.33 Essentially, ceff is proportional to the probability that two binding 

ligands on either end of a linker are located at a certain distance from each other (Figure 1.5D).32 

This probability is determined by the linker length and the corresponding diffusion volume, i.e., 

the volume that a tethered ligand can diffuse.34 When linker length increases, the unbound ligand 

can diffuse further from its receptor and thus the probability of successful binding and ceff 

decreases. Krishnamurthy et al. found that the stability of binding with long, flexible linkers is 

only 8-fold lower than when linker length is approximately equal to the ligand spacing.32 
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The impact of a high-density coating of DNA ligands on a 2D or 3D surface has also been 

explored using the effective concentration model. In this case, there are two opposing parameters 

that impact ceff: linker length and number of accessible ligands.33 As described previously, ceff 

decreases as linker length increases, but when multiple ligands are present, ceff increases due to the 

increasing number of accessible ligands (Figure 1.5E), partially canceling out the negative impact 

of linker length. Therefore, the diminished ceff values due to linker length are less significant in 

multivalent binding when ligand density is high. In fact, we observed increasing total binding of a 

spacer-containing DNA target to a DNA-coated silica bead as spacer length increased (Chapter 

3). Mathematical simulations by Curk et al. predicts that multivalent binding will still be effective 

when a DNA-functionalized surface hybridizes multivalently to distant sites throughout a genomic 

DNA target.9 Additionally, with a computational method, Kowalewski et al. showed that 

increasing the linker length between the body and legs of a “molecular spider”, allowing each leg 

to reach more DNA ligands, leads to diffusion speeds that increase proportionally to the length of 

the linker squared.25 

 In multivalent hybridization, the linker material can also have a significant impact on the 

binding avidity. Despite the convenience of using ssDNA as linkers to connect each binding region 

or to attach to the scaffold, it can lead to undesirable interactions such as binding between the 

ssDNA linker and other oligonucleotides in the system or forming linker secondary structures. 

Thus, the sequence of the DNA linker must be carefully designed. For example, poly-T or poly-A 

linkers are commonly used as they do not form any secondary structure and only bind strongly to 

poly-A or poly-T oligos. Alternatively, non-DNA linkers can be used, such as polyethylene glycol, 

which have minimal interactions with DNA. When binding multivalently to ssDNA targets 

containing a spacer between binding sites, such as two distant sites in a transcript or genome, it is 
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possible that the spacer regions can form weak interactions with the ligands, and the likelihood 

increases as the spacer region increases in length. In this scenario, neither the material nor sequence 

of the spacer region can be changed and thus these undesirable interactions are sometimes 

inevitable.  

 

1.2.7. Anchor Orientation and Spacer Length Control the Binding Geometry of Multivalent 

Hybridization 

One parameter that is specific to multivalent DNA hybridization is the binding orientation 

of each oligo with the target. The two strands in a nucleic acid duplex are antiparallel, where the 

5’ end of one strand is bound to the 3’ end of the complementary strand and vice versa. Because 

of this feature in DNA hybridization, the terminus that is used to attach the ligand to the probe will 

impact the orientation that the oligo binds the target. For example, when two particles are 

functionalized with complementary oligos that are each anchored to the particle through their 5’ 

terminus, the resulting homoMV duplexes can form a different geometry compared to when one 

of the oligos is attached through its 3’ end (Figure 1.6A).35 Particularly when the linkers are short 

or less flexible and ignoring particle curvature effects, duplexes with two 5’ anchored oligos can 

form perpendicular to the surface of the particles whereas duplexes with one 5’ and one 3’ 

anchored oligo can form parallel to the surface.36 One important consequence of this is the distance 

between two particles bound by DNA duplexes. When binding in the perpendicular orientation, 

the distance between the particles will be approximately equal to the sum of the lengths of the 

DNA duplex and the two linker groups. Thus, if the duplex length increases, then the particles will 

be distanced further apart from each other. However, when binding in the parallel orientation, the 

distance between the particles will instead be approximately equal to sum of the width of a DNA 
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duplex (~2 nm) and the two linker groups. Therefore, even when the duplex length increases, the 

distance between the particles remains can remain constant. This is significant in sensing 

techniques that rely on detecting the distance between a probe and a target, such as gold 

nanoparticle aggregation assays or potentially FRET based assays.36 Moreover, binding orientation 

 
 

Figure 1.6. Impact of anchor orientation and binding orientation. (a) Anchoring ligands 

and receptors through the same termini can result in perpendicular binding and an interparticle 

distance equal to two times the linker length plus the duplex length. Anchoring ligands and 

receptors through opposite termini can result in parallel binding and an interparticle distance 

equal to two times the linker length plus the duplex width. (b) Perpendicular binding results in 

a shearing geometry with a higher tension tolerance (Ttol) while parallel binding results in an 

unzipping geometry with a lower Ttol. (c) Multivalent hybridization can significantly increase 

Ttol when a pulling force perpendicular to the surface is applied, adapted from Blanchard et 

al.38 (d) The length of the spacer between binding regions on a homoMV ssDNA target 

determines if binding is parallel or perpendicular to the probe. Spacers must be able to reach 

from bottom of one duplex to top of neighbor duplex and vice versa to yield perpendicular 

binding. (e) For heteroMV binding, anchor orientation impacts geometry of target binding. (f) 

The length of the spacer between binding regions on a heteroMV ssDNA target determines if 

binding to a surface with alternating oligo anchoring termini is parallel or perpendicular to the 

probe. Spacers must be able to reach from top of one duplex to top of neighbor duplex and vice 

versa to yield perpendicular binding. 
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has significant impacts on the mechanical stability of the DNA duplex. It has been shown that 

shifting the binding orientation from the parallel geometry, referred to as unzipping mode, to the 

perpendicular geometry, referred to as shearing mode, can increase the tensile force that a duplex 

can tolerate (Ttol) from 12 pN to 56 pN (Figure 1.6B).37 Blanchard et al. further showed that Ttol 

can increase ~5-fold through parallel or perpendicular multivalent hybridization when the force is 

applied perpendicular to the surface (Figure 1.6C).38 

When binding to ssDNA targets homomultivalently with each ligand anchored through the 

same terminus, binding orientation is instead controlled by the length of the spacer between each 

binding region on the target. For example, when the spacer length is short, each binding oligo will 

be forced to bend and allow parallel binding to occur (Figure 1.6D). However, when binding 

regions are separated by a longer spacer, perpendicular binding becomes possible whenever the 

spacer is at least as long as the distance between opposite ends of neighboring duplexes. As 

heteroMV binding allows different oligos to be anchored through opposite termini on the same 

surface, relative binding orientations can be controlled by each oligo’s anchor group. For instance, 

an n=2 heteroMV particle can bind through several different orientations that we refer to as head-

to-head, head-to-tail, and tail-to-tail, where head refers to the non-anchored end of the oligo and 

tail refers to the linker (Figure 1.6E and Chapter 3). Schueder et al. used the tail-to-tail 

orientation for binding the ssDNA target in their proximity PAINT method.17 They found low 

cooperativity binding even with increased linker length and instead took advantage of the tail-to-

tail orientation to form a supporting duplex using the proximal linkers of the oligos. We further 

demonstrated that the relative binding orientation improves the binding stability and cooperativity 

by 6-fold for the head-to-head orientation compared to the tail-to-tail when there is no spacer 

region between binding sites (Chapter 3). For a probe with n > 2, it is only possible to design 
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multivalent binding interactions with each ligand anchored through the same terminus,8 as 

described in Chapter 2, or with some combination of multiple orientations, such as alternating 

between the head-to-head and tail-to-tail orientations. This alternating method should potentially 

allow perpendicular target binding to targets with shorter spacer lengths, as the requirement for 

spacer length is based on the distance between oligos on the surface instead of the duplex length 

(Figure 1.6F). Therefore, the choice of anchor orientation when designing a multivalent binding 

interaction to a ssDNA target depends on both the spacing and the value of n.  

 

1.2.8. Quaternary Level and Higher Multivalent DNA Hybridization 

The creation of quaternary level multivalent DNA hybridization interactions is also feasible 

and has been demonstrated in controlled and random binding systems. Herein, we define the 

quaternary level of multivalent binding as interactions where a probe composed of 2 or more 

individual multivalent structures linked together binds a target through multiple distinct tertiary 

level hybridization events (Figure 1.7A). One example of quaternary level multivalent 

hybridization was demonstrated by Bazrafshan et al. when two DNA-functionalized gold 

nanoparticles that were linked together bound to a surface coated with complementary oligos 

(Figure 1.7B). In this example, each particle-surface connection was mediated by tertiary level 

multivalent hybridization, and thus the collective binding interaction was composed of two tertiary 

level binding events.39 Physically linking two gold particles to create a dimer enabled more 

unidirectional rolling motion  across the surface when coupled with an RNase cleavage-mediated 

mechanism of particle displacement. 

 While less controlled, quaternary level hybridization can also be observed when DNA-

functionalized particles aggregate through many target-mediated or non-target-mediated 
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dimerization events. Mirkin et al. first showed that when two sets of gold nanoparticles 

functionalized with different oligos are mixed together, the addition of an oligonucleotide that is 

complementary to the oligos on both particles can lead to large scale aggregation.40 This has also 

been demonstrated in target free systems with particles presenting complementary oligos (Figure 

1.7C).35 In either case, a single monovalent binding event is able to dimerize two particles, though 

it is highly probable that a significant number of the dimer linkages are multivalent in nature due 

to the high density of oligos on the particles. During the process of hybridization-driven random 

aggregation, 2 or more distinct tertiary level hybridization interactions between two small 

 
 

Figure 1.7. Quaternary level and higher multivalent DNA hybridization. (a) Scheme 

describing theoretical examples of tertiary, quaternary, and quinary level multivalent 

hybridization. (b) A dimeric DNA-functionalized particle binding to and rolling on a DNA-

coated surface exhibits quaternary level multivalent hybridization as demonstrated by 

Bazrafshan et al.39 (c) Quaternary level multivalent hybridization can occur when DNA-

functionalized particles aggregate. 
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aggregates are likely to occur. By extension, continued aggregation also likely results in two sets 

of quaternary level binding dimers becoming linked and forming multiple quaternary level 

interactions with another particle aggregate, thus yielding an even higher level of multivalent 

binding. Each individual multivalent interaction at each level results in additional enhancements 

to the binding avidity and a rapid, dramatic aggregation results.  

 

1.3. Applications of Multivalent DNA Hybridization 

1.3.1. DNA-Based Artificial Motors 

One application in the field of nanotechnology that requires the use of multivalent 

hybridization is DNA-based artificial motors, including DNA walkers and DNA-based rolling 

motors. Perhaps the simplest of these artificial motors are DNA walkers, which commonly consist 

of 2-6 DNA legs that can move across a DNA functionalized surface (Figure 1.8A). Typically, 

these motors are deposited onto a surface via multivalent hybridization of their DNA legs, and 

then powered by dehybridization events for motion. Driven by enzymatic cleavage or external fuel, 

when one leg dehybridizes from its complement on the surface, it rebinds a new complement on 

the surface, which powers the motor to take a step. Consequently, the motor relocates to a new 

position after a series of these events. One key enabling feature of these motors is that through 

multivalent DNA hybridization, the loss of one leg does not result in the DNA walker detaching 

from the surface as the remaining hybridized DNA legs are still bound. As a result of the DNA 

walker remaining attached, the dehybridized DNA is then able to hybridize a new nearby oligo on 

the surface and pull the DNA walker with it. Many varieties of these artificial motors have been 

developed that use different techniques to power the dehybridization of each leg. Early examples 

of dehybridization techniques utilized toehold-mediated strand displacement with an external 
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DNA fuel, restriction enzymes, nicking enzymes, or DNAzymes.41-47 Recently, Li et al. designed 

a ssDNA “acrobat” with two binding regions separated by a linker that cartwheels across a DNA-

functionalized surface through a repeating cycle of multivalent hybridization and toehold-

mediated strand displacement without external fuel.48 To further prevent motor detachment from 

the surface after the loss of an anchor, Pei et al. increased the valency of the DNA walkers by 

 
 

Figure 1.8. Multivalent DNA hybridization enables DNA-based artificial motors (a) A 

DNA walker taking one step. (1) An enzyme nicks the anchor that the DNA walker is bound 

too. (2) A toehold is generated as the cleaved anchor dehybridizes. (3) The toehold region on 

the DNA walker hybridizes to the next anchor position. (4) Toehold-mediated strand 

displacement occurs and the DNA walker moves to the next anchor, leaving behind a destroyed 

anchor. (b) A molecular spider moving on a DNA-functionalized surface. (1) Each DNAzyme 

leg of the spider is hybridized to an anchor. (2) One DNAzyme leg cleaves its anchor. (3) The 

DNAzyme leg moves to an uncleaved anchor while another leg cleaves its anchor. (4) The 

DNAzyme leg moves to an uncleaved anchor. (c) A DNA roller moving on an RNA-

functionalized surface. (1) Each leg on the DNA roller forms DNA-RNA duplexes with the 

surface. (2) RNase H enzyme is added to solution to cleave DNA-RNA duplexes and power 

the rolling of the particle across the surface as each leg continuously hybridizes, dehybridizes 

following cleavage, and rehybridizes to a new anchor. 
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attaching several of the DNA legs to a streptavidin core, creating “molecular spiders” (Figure 

1.8B).49 Overall, these multivalent artificial DNA walkers are able to yield fast, processive, and 

controllable motion, that has been used in cargo transport and controlled robot-like motion on a 

DNA origami surface.12, 50 

Another form of DNA-based artificial motors is the rolling motors, which consist of a 

spherical or rod-like nano-or microparticle that is saturated with DNA legs on all sides (Figure 

1.8C). These rolling motors undergo a similar mechanism of motion as the walkers, however, since 

these motors are completely blanketed with DNA legs, they bind with high valency of 100s or 

more duplexes at a time. As a result of the high degree of multivalency, these motors are capable 

of highly processive diffusion across the surface. However, as discussed in the section 1.2.4. The 

Value of n Dictates Binding Valency of Multivalent Hybridization Interactions, this valency 

can lead to slower motion as more legs must be cleaved in order for the motor to move. Thus, they 

rely on rapid RNase-mediated cleavage to overcome the high degree of valency and enable a super 

diffusive rolling-like mechanism of motion. Different core materials and shapes have been used 

including silica microparticles, DNA origami rods, and gold nanoparticles.13-14, 39 Yehl et al. 

showed that the motors are able to efficiently detect single nucleotide polymorphisms as each 

additional duplex that binds the particle to the surface increases the total difference in affinity 

between a surface coated with perfect match complements and mismatched complements.13 

Piranej et al. expanded the power of the DNA-based rolling motors by using them to perform 

computations involving stalling in the presence of a DNA locking strand or resuming motion with 

another unlocking strand.51 Furthermore, Blanchard et al. showed that silica microparticle DNA-

based rolling motors are able to generate ~100 pN of force as it rolls along the surface, enough to 
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rupture biotin-streptavidin bonds, which are believed to be the strongest non-covalent bonds in 

existence.52  

 

1.3.2. Nucleic Acid Sensing 

Another notable area that multivalent DNA hybridization has been applied is nucleic acid 

sensing. One of the first examples of this is using DNA targets to drive the assembly or aggregation 

of DNA-functionalized gold nanoparticles. Mirkin et al. demonstrated this concept by 

functionalizing 2 solutions of gold nanoparticles with a dense layer of different DNA strands that 

each were complementary to a part of an oligonucleotide target (Figure 1.9A).53 When the target 

oligonucleotide bound simultaneously to the DNA strands on both particles they became linked 

together. Importantly, due to the high density of DNA on the particles, multiple targets were able 

to link two particles at the same time, forming highly cooperative and stable multivalent DNA 

hybridization interactions. As more and more particles become linked, macroscopic aggregates of 

a dense web of gold particles can form that are easily visualized by the naked eye (Figure 1.9A). 

Interestingly, this system also exhibits quaternary level multivalent hybridization (see section 

1.2.8. Quaternary Level and Higher Multivalent DNA Hybridization for more information). 

As a result of the highly cooperative and multivalent binding, this system displays enhanced 

binding specificity as each additional duplex formed between two particles or a new linkage to a 

third particle leads to additional discrimination between a perfect matched or mismatched target.54-

55 

 We demonstrate in Chapter 3 that multivalent DNA hybridization can also be applied 

towards more effective tuning of the specificity for a ssDNA target with one or multiple SNPs. 
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Leveraging the weak binding of a short oligo that is non-complementary to the SNP region, we 

can fine tune the overall binding affinity by smaller increments compared to adding or subtracting 

a base pair from a standard duplex. Through this precise tuning of affinity, we show that more 

 
 

Figure 1.9. Applying multivalent hybridization for nucleic acid sensing. (a) A gold 

nanoparticle aggregation assay for detection of a nucleic acid target. Particles 1 and 2 are each 

coated with oligos that are complementary to half of the target to allow the target to bridge two 

particles together and drive aggregation. The photograph shows the gold nanoparticle solution 

before target addition (left), after target addition but before sedimentation (middle), and after 

sedimentation (right). The TEM image shows the aggregated particles after target addition. 

Adapted from reference 40 by permission from Springer Nature Customer Service Centre 

GmbH: Springer Nature, Copyright 1996. (b) Scheme showing a method for discriminating 

between heterozygous cis and trans mutations. When both mutations are on the same target 

(cis), high affinity multivalent binding to the particle occurs. When only one mutation is present 

on each target (trans), each target only forms a weak monovalent binding interaction with the 

bead. (c) Scheme and simulated binding of an E. coli genomic target and a non-specific 

genomic target with a DNA-functionalized surface. The desired target is predicted to form more 

contacts with the surface as demonstrated by the proximity of each 400 nt target region (sphere) 

to the surface.9 
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optimal specificity can be achieved than often possible with monovalent binding probes and 

without altering buffer conditions. Moreover, we demonstrate a >100-fold difference in binding 

between the double-mutant and non-mutant targets when detecting two SNPs heteromultivalently, 

even when these SNP sites are separated by >20 nt. This enhanced specificity for multiple mutation 

targets is useful for determining if multiple mutations are located on the same gene copy 

(heterozygous cis) or different gene copies (heterozygous trans) (Figure 1.9B). 

Multivalent DNA hybridization has also been demonstrated as an effective approach to 

achieve “super-selective” sensing. As discussed previously, multivalent binding can lead to 

enhanced sensitivity where binding requires a high receptor density as a result of the dramatic 

enhancements in binding avidity as the binding valency increases. To demonstrate this concept of 

improved selectivity through multivalent hybridization, Curk et al. modeled the multivalent 

binding of a DNA-functionalized surface to the full-length genome of a specific strain of E. coli 

(Figure 1.9C).9 They found that a surface presenting 20 nt DNA probes at low density was able 

to form significantly more binding interactions with the E. coli genomic sequence of interest when 

compared to unrelated bacterial, viral, and mitochondrial genomes. Significantly, selectivity was 

maintained even when discriminating the desired E. coli genome from a food-poisoning inducing 

strain of E. coli that only differs in a few regions of the genome. 

  

1.3.3. Tools to Study Biology 

The utility of multivalent DNA hybridization has also been explored in techniques to study 

biological processes, including investigations into protein-protein interactions, cell 

mechanobiology, phagocytosis, and immunology. Schueder et al. applied bivalent DNA 

hybridization to measure the spatial proximity of alpha- and beta-tubulin in microtubules with 
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super-resolution fluorescence microscopy.17 By binding a primary antibody to each protein on the 

surface of U2OS cells and then using oligonucleotide-linked secondary antibodies, both proteins 

of interest were specifically labeled with a unique oligonucleotide docking strand (Figure 1.10A, 

left). Next, a fluorescent imager strand complementary to both docking sites was added that was 

engineered to only bind when both docking sites were in close proximity and able to bind 

cooperatively. The fluorescent imager strand binds the pair of docking sites transiently to allow 

for many binding-unbinding-rebinding events to be imaged over time using fluorescent 

microscopy. As a result of the cooperative nature of the bivalent DNA hybridization interaction, 

this approach yielded a super-resolution map of where the alpha- and beta-tubulin proteins contact 

each other (Figure 1.10A, right). 

To investigate the molecular level ligand-receptor forces present at a cell-surface interface, 

Dutta et al. used DNA origami tension probes to bridge a cell and a surface through multivalent 

DNA hybridization at both interfaces (Figure 1.10B, left).15 Specifically, a DNA origami six-helix 

bundle was interfaced with a cell membrane through presenting two DNA duplexes, each with a 

receptor-specific peptide at the top. Meanwhile, the DNA origami probe attached to the surface 

through up to three hybridization interactions between a DNA hairpin and an oligo containing a 

modification allowing surface attachment. Using this probe, a map of the mechanical events 

occurring during platelet adhesion and activation was obtained (Figure 1.10B, right). Enabled by 

the precise control over ligand density offered by DNA origami and the ~2-fold higher force 

threshold due to multivalent DNA hybridization, the impact of ligand density and force-response 

threshold on platelet function was investigated. 

Multivalent DNA hybridization has also enabled precise control over biological processes  

that are mediated through extracellular binding events. For example, Kern et al. engineered 
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macrophage cells to present DNA receptors on their surface that were able to bind to DNA origami 

peg board-functionalized silica microparticles that contained the complementary ligand oligo 

(Figure 1.10C, top).16 As a result of the high control over ligand density and spacing afforded by 

the DNA origami peg board, the impact of ligand density and spacing on engulfment of the silica 

beads and downstream signaling processes in the macrophages were studied. They found that 

 
 

Figure 1.10. Using multivalent hybridization as a tool to study biology. (a) The proximity-

PAINT method to detect the proximity of two proteins. Each protein is tagged with a primary 

antibody and an oligo-labeled secondary antibody. The fluorescent imager strand then binds 

only when both oligos are close enough to hybridize multivalently. A super resolution 

fluorescence microscopy map showing the proximity of alpha and beta-tubulin.17 Zoom-out 

scale bar is 5 µm and zoom-in scale bar is 500 nm. (b) Scheme showing the use of multivalent 

DNA origami hairpin tension probes. A DNA origami 6 helix bundle that presents two duplexes 

with cell-specific ligands on top and one, two, or three DNA hairpins on bottom that bind a 

surface. When receptors on the cell pull on the ligands, the hairpin probes open and the 

fluorophore is unquenched. Each additional hairpin that is added increases the pulling force 

needed to generate fluorescence signal, resulting in less signal when the cell interacts with the 

surface. Reprinted from reference 15 with permission, Copyright 2018 American Chemical 

Society. (c) Scheme showing the use of DNA origami-mediated multivalent hybridization to 

control phagocytosis of lipid bilayer-coated silica beads by cells. When 4 duplexes are close 

together on the DNA origami peg board, particle uptake is high and when the spacing between 

the duplexes increases, uptake is reduced.16 Scale bar is 5 µm. 
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increasing the valency of the binding interaction between the cell and the bead by adding more 

ligands led to increasing bead engulfment that saturated after the max binding valency reached 8. 

Moreover, by controlling the spacing between each duplex at the cell-bead interface, it was 

revealed that tighter spacing of 4 ligand-peg boards led to more successful bead engulfment due 

to enhanced bead-cell binding (Figure 1.10C, bottom), as well as enhanced levels of downstream 

receptor phosphorylation. Using a similar method with DNA origami-cell binding, Dong et al. 

explored the impact of precisely controlled T cell receptor-antigen binding, mediated by 

multivalent hybridization, on the sensitivity and kinetics of T cell activation.56 Interestingly, this 

work determined that ligand spacing impacts how quickly T cell signaling initiates while binding 

valency controls the length of the signaling event. Moreover, they found that arranging weak 

affinity duplexes around a small cluster of high affinity duplexes led to enhanced sensitivity for T 

cell triggering. 

 

1.4. Aims and Scope of the Dissertation 

With careful design and optimization of each binding component, multivalent DNA 

hybridization has proven its potential to be a powerful technique in artificial motors, sensitive and 

specific nucleic acid detection, as well as biological investigations. Despite the progress in 

characterizing and developing this specific variety of multivalent binding, there are many 

unanswered questions regarding the use of multivalent DNA hybridization to target biologically 

relevant ssDNA with high avidity and specificity. This dissertation aims to fill these gaps in 

knowledge by (1) engineering heteroMV structures that are able to bind multivalently to ssDNA 

targets and characterize the enhancements in avidity offered by ligand spatial patterning; (2) 

investigate the specificity and cooperativity provided by heteroMV hybridization and the resulting 
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ability to improve detection of mutant DNA targets; and (3) discuss the future outlook for 

multivalent hybridization in nanotechnology, diagnostics, and therapeutics. 

 My exploration into multivalent DNA hybridization began with a simple question: Would 

a particle that is functionalized with several different oligonucleotide sequences offer improved 

binding properties when targeting nucleic acids? To fully explore this question and address the 

stated aims, I devoted my Ph.D. studies into designing heteroMV DNA-functionalized nano- and 

microparticles, developing new methods to assess their binding properties, and uncovering the 

potential utilities of heteroMV hybridization in sensing and diagnostics. 

 In Chapter 2, I will describe findings regarding the impact of heteromultivalency and 

ligand spatial patterning on the binding avidity of DNA-functionalized gold nanoparticles for a 

long ssDNA target. To fully probe the importance of ligand positioning and spacing, this chapter 

also presents a new technique that enables control over the spatial arrangement of oligos on a 

densely functionalized particle. Building on these investigations, Chapter 3 shows the impact of 

oligonucleotide length on specific and cooperative heteroMV DNA hybridization. Fundamental 

examinations of the influence of the distance between two target binding regions as well as the 

oligonucleotide anchoring orientation revealed the ability for heteroMV particles to bind with high 

cooperativity to two sites of a target that are separated by up to 15 nucleotides. Through these 

explorations, it was ultimately demonstrated that precisely tuned heteroMV hybridization allows 

specific detection of targets with one or two mutations and classification of the genetic inheritance 

of such mutations. Following the description of these findings, Chapter 4 provides an overview 

of remaining questions and expected challenges for the field, and ultimately proposes several next 

steps for the effective application of multivalent hybridization. Overall, I hope this dissertation can 
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serve as a handbook to provide insight and guidance for future designs of crucial techniques that 

aim to apply multivalent DNA hybridization. 
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2.1. Introduction 

A multivalent interaction occurs when a multivalent ligand binds a multivalent receptor 

through several individual ligand–receptor pairs.1 Such interactions commonly offer an enhanced 

collective affinity, or avidity, and thus, Nature has evolved to utilize multivalent interactions to 

aid in many biological and chemical processes. For example, uptake of influenza viral particles 

into cells is aided by the avid multivalent interaction between a trivalent hemagglutinin molecule 

and multiple sialic acid molecules on the cell membrane.2 Inspired by such natural multivalent 

interactions, many synthetic multivalent interactions have been engineered to tightly bind a 

receptor, such as a peptide or a viral particle, for improved sensing and therapeutics.3-4 An 

especially noteworthy example of a multivalent binding interaction utilized both naturally and 

synthetically is nucleic acid hybridization. Polynucleotide hybridization occurs through two 

distinct levels of multivalent binding. The primary level of multivalent binding is the 2–3 hydrogen 

bonds formed between each nucleobase pair, whereas the secondary level is the concurrent base 

stacking and binding of a series of nucleobases to their complementary bases on another 

polynucleotide. These multivalent interactions result in high specificity and affinity binding that 

is fundamental in genetics and gene expression across all organisms, as well as antisense 

oligonucleotide therapeutics and DNA nanotechnology. 

Interestingly, within the field of DNA nanotechnology, a tertiary level of multivalency in 

DNA hybridization has emerged with the ability to further strengthen and tune binding affinity. 

This tertiary level of multivalency in DNA hybridization occurs when multiple oligonucleotides 

that are anchored on a scaffold bind a target simultaneously. Tertiary multivalent nucleic acid 

interactions have been explored between two one-dimensional scaffolds bound together by 

identical pairs of oligonucleotides.5 The affinity of this homomultivalent (homoMV) interaction 
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was found to increase linearly with the number of oligonucleotides displayed. Moreover, many 

copies of an oligonucleotide have been arranged on a particle or nanomaterial surface to 

multivalently bind an oligocoated surface or another oligocoated particle.6-10 These homoMV 

tertiary multivalent interactions, as well as those found in some DNA origami structures, display 

a heightened affinity, allowing for useful applications in sensing, DNA motors, and 

supramolecular assembly.11 However, many desirable applications, including gene regulation and 

mRNA sensing, require binding with high affinity to single-stranded polynucleotides hundreds of 

bases long and with a nonrepeating sequence, which homoMV structures are unable to bind 

multivalently. To multivalently bind such targets, it is necessary to engineer heteromultivalent 

(heteroMV) structures that present a series of unique oligonucleotide sequences, each able to bind 

a distinct stretch of the target. Currently, little is known about the multivalent interaction between 

nanostructures presenting heteroMV DNA and a nucleic acid target. Therefore, the goal of this 

work is to investigate and quantify heteroMV nucleic acid binding to provide insight into designing 

nanostructures that bind single-stranded polynucleotides with improved affinity. 

One prominent DNA-functionalized nanostructure that can be used as a model system to 

explore multivalent binding interactions is the spherical nucleic acid (SNA).12-13 SNAs are 

typically comprised of many copies of an oligonucleotide arranged around a spherical core, such 

as a gold nanoparticle. SNAs presenting a highly dense layer of oligonucleotides are able to bind 

monovalently to their target sequence with enhanced affinity that can be more than 2 orders of 

magnitude greater than that of linear sequences (Figure 2.1A).14-16 This high-affinity interaction 

has allowed SNAs’ utility in many applications, most notably RNA sensing-based diagnostics and 

gene regulation.17-20 Herein, we adapt the SNA platform to display a heteroMV layer of short  
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Figure 2.1. Binding of target to random and patterned heteroMV SNAs. (a) Schematic 

illustration depicting homoMV SNAs, random heteroMV SNAs, and patterned heteroMV SNAs 

binding a target. (b) Top-down perspective of the target binding an n = 4 heteroMV SNA with 

random segment arrangement (numbered circles = binding segments, gray line = target). (c) Top-

down perspective of the target binding an idealized n = 6 heteroMV SNA with patterned segment 

arrangement. (d) Modeling results showing the impact of individual segment binding affinity on 

the predicted binding valency for random heteroMV SNAs. (e) Modeling results showing the 

impact of target concentration on the predicted binding valency for random heteroMV SNAs 

assuming Kd = 1 (arbitrary units). (f) Modeling results showing the impact of segment spatial 

patterning on the predicted binding valency assuming Kd = 1 and [Target] = 0.01*Kd. 

 

oligos attached to a gold nanoparticle (AuNP). We hypothesize that heteroMV SNAs can form 

tertiary multivalent interactions with a single-stranded nucleic acid target (Figure 2.1A). 

Recognizing the importance of ligand positioning in multivalency,1, 21 we tested a second 

hypothesis that spatial patterning of the DNA oligos on the particle surface can lead to further 

enhancement in target affinity. This prediction was studied by developing a new facile strategy to 

create spatially positioned oligonucleotides, where the target nucleic acid templates the molecular 

deposition of oligos on the nanoparticle surface (Figure 2.1A).  
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Specifically, we investigate heteroMV SNAs comprised of up to six unique oligo 

sequences designed to bind a ∼90 nucleotide (nt) DNA target. Through modeling and experiments, 

we reveal that the binding valency of heteroMV SNAs with randomly anchored oligos increases 

with the inclusion of each additional unique oligosequence (n) but eventually decreases due to the 

random arrangement. Moreover, we determined the thermodynamic parameters governing 

multivalent binding and found that random heteromultivalency leads to an increase in affinity of 

up to ∼50 orders of magnitude compared to the corresponding homoMV SNA as a result of 

increasing the enthalpic benefits from binding. Next, we show that spatial patterning of the oligos 

on heteroMV SNAs results in a further ∼15 order-of-magnitude enhancement in the affinity of 

binding relative to heteroMV SNAs with random oligo positioning. Overall, the incorporation of 

heteromultivalency and spatial patterning into the SNA platform offers a general and simple 

approach for exploring and fine-tuning the multivalent binding affinity of DNA-functionalized 

nanostructures, thus improving their diagnostic and therapeutic potential and utility in DNA 

nanotechnology. 

 

2.2. Results 

2.2.1. Modeling Binding of Random and Patterned HeteroMV SNAs 

A mathematical model was first developed in order to predict the effective strength of an 

interaction between a target and a heteroMV SNA that is randomly arranged (Figure 2.1B) or 

spatially patterned (Figure 2.1C). Briefly, assuming a random arrangement of oligos with n unique 

sequences (sequence x, x + 1, ..., n – 1, n) on the AuNP surface, the probability of sequence x being 

located next to sequence x + 1, which is next to x + 2, etc., was calculated mathematically (Figure 

2.1B). Then using Langmuir adsorption-type kinetics, the predicted mean binding valency, or 
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average number of segments bound to a single target, was used as a proxy to estimate the strength 

of binding (see methods for a detailed description). This was obtained after varying n and the 

Kd of the interaction between a single segment and its complementary region on the target. 

Significantly, the results of the model predict that as n increases, the mean binding valency will 

increase, plateau around n = 4, and then decrease as the probability of sequence x being neighbored 

by x – 1 or x + 1 decreases with increasing n (Figure 2.1D). Therefore, the model suggests that the 

probability of a random heteroMV SNA forming a maximum binding valency interaction drops as 

n increases. However, the model also predicts that the binding valency, as well as the value of n 

that leads to maximum binding valency, can be enhanced by decreasing the affinity of each 

segment (Figure 2.1D). This is because weak or labile segments allow for extensive sampling of 

conformational space to avoid trapping at kinetic intermediates that do not maximize binding. 

Alternatively, the model further reveals that decreasing the concentration of the target sequence in 

solution will yield higher valency binding as the probability of a target binding to a sequential 

series of segments (x, x + 1, etc.) increases (Figure 2.1E, Figure A2.1). The impact of spatial 

patterning on heteroMV SNA multivalent binding was also predicted by assuming each sequence 

x is located next to x – 1 and x + 1 (Figure 2.1C). The modeling results show that spatial patterning 

offers minimal advantage over random SNAs when n is low. However, as n increases, spatial 

patterning leads to higher mean binding valency compared to random heteroMV SNAs (Figure 

2.1F). Overall, the results of the mathematical model show that a random orientation of segments 

will form the most efficient multivalent interaction with shorter, less stable segments or when 

hybridization is performed in stringent conditions (low salt, low target concentration, presence of 

surfactant), whereas the effects of spatial patterning will be most impactful when there are more 

unique segments (higher values of n). 
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2.2.2. Design and Melting Curve Analysis for Random HeteroMV SNAs 

To test the predictions of the modeling, six oligonucleotides (segments 1–6) between 12 

and 15 nucleotides (nt) in length with similar melting temperatures were designed to bind 

sequentially along a 91 nt DNA target based on a region of an mRNA transcript (Figure A2.2). 

To offer additional flexibility, a 2 nt spacer region was included between each segment’s binding 

location on the target sequence, resulting in the formation of single-stranded gaps in the binding 

complex (see Figure A2.2 for further detail). Additionally, segments 1–6 each contain a T10 

polynucleotide linker terminated with a thiol group at the 5′ end to allow conjugation to a ∼13 nm 

AuNP core. A series of SNAs were then synthesized with increasing number of distinct sequences 

(n) using the salt-aging method, beginning with a traditional homoMV SNA containing only 

segment 1 (n = 1 SNA) and ending with a heteroMV SNA incubated with equimolar concentrations 

of segments 1–6 (n = 6 SNA). The total number of oligos per AuNP for n = 1 and 6 SNAs was 

measured to be 162 ± 11 and 168 ± 6, respectively (Figure A2.3). 

In order to determine if heteroMV SNAs form efficient multivalent interactions with the 

target sequence, melting curves were measured for the SNA–target complex. First, n = 1–6 SNAs 

were incubated for 1 h with a 25-fold excess of the target sequence labeled with FAM in 1 × PBS 

(Figure 2.2A). Following hybridization, unbound targets were removed through washing, and the 

samples were heated to 80 °C. As the SNA:target complex was heated, the fluorescence increased 

due to dehybridization and subsequent dequenching of the FAM-tagged target as the efficiency of 

the nanosurface energy transfer (NSET) decreased.22 From the melting curves we determined the 

melting temperature (Tm), the full width at half-maximum (fwhm) of the transition, and maximum 

fluorescence intensity following melting. As n increased, the Tm increased by up to ∼12 °C, 

suggesting that multiple segments were able to bind the target simultaneously (Figure 2.2B). 
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However, when n > 4 a drop in Tm was observed, supporting the predicted limitations of random 

heteroMV SNAs (Figure 2.1F). Note that one would not normally see a decrease in Tm as the 

duplex lengthens for conventional linear oligonucleotides. Furthermore, the fwhm of the first 

derivative plots of each melting curve was determined. It was found that as n increased, the fwhm 

increased as well, indicating that the melting transition was less uniform (Figure 2.2C). This 

suggests that as n increased there was a wider range of binding valencies present. By incubating 

with a 25 molar excess of targets, we were able to also determine the number of targets bound per 

particle (Figure A2.4). Generally, as n increased, fewer targets bound each SNA, likely due to 

each target occupying more segments on the particle surface and the inherent reduction in 

maximum binding capacity as the total number of each unique oligo decreases when n increases. 

Next, we tested the modeling prediction that increased stringency, resulting in a lower affinity for 

each segment, would lead to higher valency binding. The same series of melting experiments was 

repeated, with the exception of performing the hybridization in a more stringent buffer, 0.1 × SSC 

(saline sodium citrate), 0.2% Tween20 (∼15 mM Na+). Note, the washing buffer and buffer in 

which the melting curves were measured are identical in the two sets of experiments. Indeed, it 

was observed that the Tm’s for n = 1–6 SNAs increased by up to ∼4 °C when hybridization 

stringency increased (Figure 2.2D). The value of n giving the highest Tm also increased to n = 6, 

a similar result to that predicted with modeling (Figure 2.1D). The noticeable ∼2 °C lower Tm for 

the n = 1 SNA after hybridizing in less stringent conditions is consistent with previous observations 

of a negative cooperativity in SNA binding as an increasing number of targets are bound to the 

surface.15 Furthermore, in more stringent hybridization conditions we see reversing of the trends 

for binding uniformity and capacity, with n = 4 resulting in the most uniform binding and the most 

targets bound (Figure 2.2E and A2.4). 
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Figure 2.2. Effect of random heteromultivalency on binding valency and binding uniformity. 

(a) Schematic illustration describing the melting experiment where excess FAM-labeled target was 

hybridized to random n = 1–6 SNAs and fluorescence was measured as the complex was thermally 

melted. Inset illustrates how the melting temperature (Tm) and the full width at half-maximum 

(fwhm) were calculated. (b and c) Impact of increasing n on Tm (b) and fwhm (c) after hybridizing 

target to SNA in nonstringent buffer (1 × PBS). (d and e) Impact of increasing n on Tm (d) and 

fwhm (e) after hybridizing target to SNA in stringent buffer (0.1 × SSC, 0.2% Tween20). Both 

sets of melting curves were measured in 4 × SSC, 0.2% Tween20 buffer. Error bars represent 

standard error of the mean. Values from sequential groups were compared using unpaired student 

t tests (*P < 0.05; **P < 0.01; ***P < 0.001). No statistical differences were observed between 

unmarked sequential groups. 

 

2.2.3. Thermodynamics and Affinity of Random HeteroMV SNA Binding 

We next measured the thermodynamic binding parameters of randomly organized n = 1–6 

heteroMV SNAs binding to the target. In these studies, the particles were incubated at a 1:1 ratio 

of SNA to target for 1 h (Figure 2.3A). The concentration of SNA was varied from 1.75 to 15 nM, 

and the Tm for the complex was measured as the Cy5-labeled target was thermally dehybridized 

(Figure A2.5, Table A2.2). For each SNA, ∼20 thermal melting curves were used to populate the 

van’t Hoff plot showing ln(CT) versus 1/Tm (Figure 2.3B). Note that CT is the sum of the SNA 

and target concentrations. The following equation was then applied, using 1.986 × 10-3  

kcal K-1 mol-1 for the gas constant R, to calculate the ΔH and ΔS of binding (Table A2.3) 
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From these values, the ΔG of binding was then derived.15 First, consistent with the melting studies 

shown in Figure 2.2, Tm plateaued for SNAs with n > 4. The flattening slopes as n increases 

(Figure 2.3B) correspond to a more favorable enthalpy of binding (Figure 2.3C), suggesting that 

each target is binding more segments. On the other hand, the entropic cost of binding increased 

with increasing n as less of the target remained unbound and flexible (Figure 2.3D). Nonetheless, 

the enthalpic benefits outweighed the entropic costs, resulting in a dramatic enhancement in ΔG 

(∼50 kcal/mol) as n increases from 1 to 6 (Figure 2.3E). The decrease in ΔG corresponds to a ∼40 

order-of-magnitude enhancement in binding affinity (Keq) (Figure 2.3E) and a multivalent 

enhancement value, β (β = Keq
multi/Keq

mono), of 7 × 1038 as n increased from 1 to 6 (Table A2.4). 

Similar results were obtained when random heteroMV SNAs bound an identical target with no 

spacers between segment binding regions, with a total ∼50 order-of-magnitude enhancement in 

avidity (Table A2.4). Consistent with the modeling predictions (Figure 2.1E), the decreased 

target:SNA ratio (1:1 instead of 25:1 in Figure 2.2) resulted in a more linear relationship between 

n and binding affinity, with the n = 6 heteroMV SNAs exhibiting the highest affinity. However, 

when the target:SNA ratio was increased to 5:1 or 10:1, the affinity of each heteroMV SNA 

decreased and affinity appears to saturate after n = 5 (Figure A2.6, Table A2.5, Table A2.6). The 

fwhm values also increased, suggesting that binding becomes less uniform as the target:SNA ratio 

increases (Figure A2.6). 
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Figure 2.3. Effect of random heteromultivalency on thermodynamics and affinity. (a) 

Schematic illustration describing the experiment to obtain thermodynamic parameters and affinity 

values. Random n = 1–6 SNAs were bound to Cy5-labeled target in 1 × SSC, 0.2% Tween20 and 

the Tm was measured across a range of [SNA + target] (CT) values. (b) Linear van’t Hoff plots 

from which thermodynamic values were extracted. (c–e) ΔH (c), −TΔS (d), and −ΔG and log(Keq) 

(e) values of random n = 1–6 SNAs binding to target. Error bars represent standard error of the 

mean. Values were compared using one-way ANOVA (****P < 0.0001). 

 

2.2.4. Development and Characterization of Patterned HeteroMV SNAs 

Here, we hypothesized that spatial patterning of SNAs could boost target affinity compared 

to that of heteroMV SNAs with random oligo positioning. To test this hypothesis, we first 

developed a molecular printing method to create patterned heteroMV SNAs (Figure 2.4A). Briefly, 

segments 1–6 were first hybridized to a ssDNA template, identical to the no-spacer containing 

target sequence, forming an 81mer duplex with a “nick” located between each segment binding 

region. A native PAGE gel was performed to confirm the successful binding of the six segments 

to the template (Figure A2.7). The segment/template complex was then incubated with the AuNP, 

forming up to six thiol linkages in a sequential array on the NP surface (as shown in Figure 2.4A 

and Figure A2.8). The single-strand nicks help accommodate the local curvature of the spherical 

nanoparticle surface.23 Next, salt aging was performed to increase the packing density of the 

complex on the particle. The template was then removed by dehybridization with a series of washes 

in DI water at RT. After template dehybridization, segments 1–6 remain on the particle surface  
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Figure 2.4. Characterization and binding analysis of patterned heteroMV SNAs. (a) 

Schematic illustration depicting the synthesis of patterned SNAs. After preannealing segments 1–

6 to the template, the complex was incubated with the AuNP. Next, salt aging was performed, and 

then the template was dehybridized. (b) Quantifying templates bound per SNA before and after 

dehybridizing. (c) Targets bound per AuNP for patterned and mispatterned SNAs after high-

stringency washes. (d and e) van’t Hoff plots (d) and −ΔG and log(Keq) (e) for patterned, random, 

and mispatterned n = 6 SNAs binding the no-spacer target. Dashed line in e represents the predicted 

−ΔG value (123 kcal/mol) for the non-nicked 81 bp duplex binding in solution. Error bars represent 

standard error of the mean. Templates/targets bound values were compared using an unpaired 

student t test, and −ΔG and log(Keq) values were compared using one-way ANOVA (*P < 0.05; 

**P < 0.01; ****P < 0.0001). 

 

 

because of the strong thiol–gold association, with controlled position and spacing, yielding a 

spatially patterned heteroMV SNA with n = 6. Note that while we could create patterned SNAs 

with fewer unique segments, these structures were less desirable as the modeling suggested a 

maximum affinity enhancement for the n = 6 particles (Figure 2.1F). 

Because patterned heteroMV SNAs have not been reported in past literature, we began by 

characterizing the DNA–AuNP conjugate. First, the number of complexes loaded to each particle 

was quantified by detecting release of a FAM-labeled template following heating (Figure A2.9). 

This melting assay revealed that ∼25 templates were bound to each SNA (Figure 2.4B). Next, we 

validated template dehybridization and found that ∼90% of templates were removed (Figure 2.4B). 

Moreover, the total number of binding ligands (segments 1–6) per particle was quantified to be 
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∼135 (Figure A2.10). This indicates that each template was bound to ∼5.5 segments, offering 

further evidence of successful hybridization and loading onto the particle. 

 

2.2.5. Impact of Spatial Patterning on HeteroMV SNA Binding 

To characterize target binding by patterned heteroMV SNAs, we obtained thermal melting 

curves and also applied the van’t Hoff relation to determine the thermodynamic binding constants. 

For these assays, we created mispatterned heteroMV SNAs using a template with shuffled binding 

regions to serve as an additional control. The mispatterned n = 6 SNAs are chemically identical to 

patterned SNAs (same total number of segments 1–6, Figure A2.10) except for the relative 

positioning of the oligos on the NP surface, allowing the role of spatial patterning to be properly 

elucidated. First, the two particle types were incubated with an excess amount of the no-spacer 

target labeled with FAM, which is identical to the template used for patterning, and washed with 

high-stringency buffer (0.1 × SSC, 0.2% Tween20). Thermal melting curves were then obtained 

by measuring the fluorescence increase while heating. While the patterned and mispatterned SNAs 

demonstrated a similar melting temperature (<1 °C difference), patterned SNAs were able to bind 

a few more targets than their mispatterned counterparts (Figure 2.4C, Figure A2.11). To more 

sensitively examine the effects of spatial patterning, the thermodynamics and affinity of the 

patterned binding interaction were quantified using the van’t Hoff relation as described above and 

compared to the random SNAs (Figure A2.12, Table A2.7, Table A2.8). These experiments 

revealed a strong impact of oligo positioning on the binding enthalpy, as the dependence of Tm on 

concentration became less dramatic when going from intentionally mispatterned to random to 

patterned oligo positioning (Figure 2.4D). This enthalpic enhancement with spatial patterning is 

likely the result of more segments binding each target and reduced strain on the binding entities. 
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As before, the enthalpic benefits exceeded the entropic costs, leading to a significantly more 

favorable binding free energy and a ∼23 order-of-magnitude enhancement in Keq for patterned 

SNAs over mispatterned (Figure 2.4E). Notably, the predicted ΔG for the same duplex containing 

no nicks is approximately −123 kcal/mol (dashed line in Figure 2.4E), which is only ∼10% greater 

than the ΔG of the patterned SNA (−108 ± 3.2 kcal/mol) to the same target. The patterned SNAs 

were also able to bind the spacer-containing target with a ∼15 order-of-magnitude higher avidity 

relative to the mispatterned SNAs (Table A2.8). These results demonstrate that proper positioning 

of the binding ligands on the NP surface is critical for forming a highly effective multivalent 

interaction. 

 

2.3. Discussion 

In this report, heteroMV SNAs were created to bind a nucleic acid target multivalently. By 

including multiple unique oligosequences, each complementary to a specific region of a ssDNA 

target, multiple oligo segments bind the target simultaneously. Aided by this multivalent binding, 

we observed a dramatic enhancement in the melting temperature and binding affinity relative to 

homoMV SNAs. Thus, the enhanced binding avidity to an oligotarget presented herein has the 

potential to heighten the efficacy of SNAs and other similar nanostructures in many important 

applications. We also identify a trade-off between maximizing the binding capacity of a 

nanoparticle and its binding affinity (quantity versus quality of binding). For example, we found 

that under stringent hybridization conditions, fewer targets bind a particle, but these few targets 

display a greater binding valency. In other words, under stringent conditions, the target can sample 

a wider range of binding geometries to overcome kinetic barriers and maximize the number of 

segments bound, thus reaching a thermodynamic minimum. On the basis of this conclusion, we 
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expect that by shortening the length of each segment we can further increase the binding valency 

for random heteroMV SNAs. 

Importantly, we demonstrate a 15 order-of-magnitude enhancement in binding affinity 

when six complementary oligonucleotides are spatially organized on the particle surface instead 

of randomly positioned. This massive enhancement is the result of a templating-based strategy to 

control the relative position of each oligo on the surface of the nanoparticle. To spatially pattern 

DNA one can use top-down or bottom-up strategies.24-27 Bottom-up self-assembly of DNA 

nanostructures, such as the DNA origami technique, is clearly advantageous when the desired 

pattern is at the sub-100 nm length scale. Indeed, through careful template design, a variety of 2D 

and 3D multivalent receptors have been created to target virus capsids, proteins, and other 

biologically relevant molecules.4, 28-29 Our spatial patterning simply utilizes a conventional DNA 

oligonucleotide template and several shorter thiolated oligos. This has important advantages in 

terms of maximizing the yield of synthesis since DNA origami is often limited by low yields and 

low synthesis scale.30 We note several reports showing the feasibility of generating a variety of 

DNA patterns on gold nanoparticle scaffolds.31-33 These methods have created interesting 

geometries that are focused on generating nanoparticles with a discrete number of oligonucleotides 

with specific position and spacing. The materials have been investigated in the context of 

controlling material synthesis. However, the impact of spatially patterning oligonucleotides on 

binding affinity to a DNA target has not been characterized previously. Moreover, only by 

maximizing DNA density on the particle surface is it possible to achieve maximum enhancement 

in binding affinity.16 We anticipate that this simple yet efficacious spatial patterning technique 

developed in this work can be broadly utilized in supramolecular chemistry and nanotechnology. 
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In conclusion, we demonstrated a simple approach to boost the affinity of DNA–

nanoparticle conjugates by many orders of magnitude without making any chemical changes to its 

composition. Further optimization of patterned heteroMV SNAs is likely possible by considering 

the three-dimensional topology of the DNA duplex and positioning each segment’s linker at every 

turn of the DNA double helix. For example, positioning the thiol group on the multivalent complex 

with 10–11 nucleotide intervals will likely relieve potential enthalpic strain as all of the T10 linkers 

should extend from the complex in the same approximate direction. However, 10–11mer segments 

could lower the total affinity of the heteroMV SNA for its target when compared to the longer 12–

15mer segments described herein. Additionally, in this work, the binding segments are all 

anchored to the NP through a T10 linker. Given the importance of linker rigidity in tuning avidity, 

trimming the 10-nucleotide spacer may offer further enhancements in binding affinity by lowering 

the entropic costs of binding.1 One limitation of the present study is that the thermodynamic 

parameters quantified were determined for one model target, and when this approach is applied 

toward designing potent binders in different biomedical or diagnostic applications, it is likely that 

noncanonical secondary structures may modulate the predicted avidity. To further demonstrate the 

general applicability of the techniques presented here, additional target sequences and the impact 

of the target spacer length should be investigated. A potential limitation of patterned SNAs is the 

labile nature of the thiol–gold bond which is highly sensitive to time, temperature, and pH.34-35 

This may be addressed by using the more stable chelating thiols anchors such as lipoic acid.36 

SNAs and other DNA-presenting nanostructures have already made their way into FDA-approved 

diagnostics and potential human therapies, and thus, heteromultivalent binding, both patterned and 

nonpatterned, holds important promise for biomedical sensing and antagonism of transcripts. 
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2.4. Materials and Methods 

2.4.1. Oligonucleotides 

All oligonucleotides were custom synthesized by Integrated DNA Technologies (Coralville, IA). 

Table A2.1. includes the names and sequences for all oligonucleotides used in this work. 

Structures of the modifications are shown in Figure A2.5. Note that segment 6 has an 11T spacer 

instead of 10T. However, we do not expect that this will impact any findings from this work. 

Table A2.1. List of oligonucleotides used in Chapter 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Name Sequence (5’ to 3’) 

segment 1 /5ThioMC6-D/TTTTTTTTTTACTCTACCACATATA 

segment 2 /5ThioMC6-D/TTTTTTTTTTTCCTTGGGAACC 

segment 3 /5ThioMC6-D/TTTTTTTTTTGACAGTAAATGCG 

segment 4 /5ThioMC6-D/TTTTTTTTTTCAGCAAATGCCA 

segment 5 /5ThioMC6-D/TTTTTTTTTTAGGTCATGAATATAA 

segment 6 /5ThioMC6-D/TTTTTTTTTTTACAGCAAATATCCT 

amine-labeled 

target 

AGGATATTTGCTGTCTTTATATTCATGACCT 

ACTGGCATTTGCTGAACGCATTTACTGTC 

ACGGTTCCCAAGGACCTATATGTGGTAGAGT/3AmMO/ 

amine-labeled 

target- 

no spacers 

AGGATATTTGCTGTTTATATTCATGACCT 

TGGCATTTGCTGCGCATTTACTGTC 

GGTTCCCAAGGATATATGTGGTAGAGT/3AmMO/ 

patterned 

template 

AGGATATTTGCTGTTTATATTCATGACCT 

TGGCATTTGCTGCGCATTTACTGTC 

GGTTCCCAAGGATATATGTGGTAGAGT 

mispatterned 

template 

TGGCATTTGCTGAGGATATTTGCTGT 

GGTTCCCAAGGATTATATTCATGACCT 

TATATGTGGTAGAGTCGCATTTACTGTC 

FAM-labeled 

target 

AGGATATTTGCTGTCTTTATATTCATGACCT 

ACTGGCATTTGCTGAACGCATTTACTGTC 

ACGGTTCCCAAGGACCTATATGTGGTAGAGT/36-FAM/ 

FAM-labeled 

target- 

no spacers 

AGGATATTTGCTGTTTATATTCATGACCT 

TGGCATTTGCTGCGCATTTACTGTC 

GGTTCCCAAGGATATATGTGGTAGAGT/36-FAM/ 

T10 /5ThioMC6-D/TTTTTTTTTT 
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2.4.2. Reagents 

Nitric acid (Cat# BDH3044500MLPC) was purchased from VWR (Radnor, PA). Hydrochloric 

acid (Cat# HX0603-3), sodium phosphate monobasic monohydrate (Cat# SX0710), sodium 

chloride (Cat# SX0420, GR ACS), potassium chloride (Cat# 1049360500), monopotassium 

phosphate (Cat# PX1565-1), and Dri-solv methylsulfoxide (Cat# MX1457-7) were purchased 

from EMD Millipore (Burlington, MA). Gold (III) chloride trihydrate (Cat# 520918-1G), sodium 

citrate tribasic dihydrate (Cat# S4641-25G), dithiothreitol (DTT) (Cat# 10197777001), sodium 

dodecyl sulfate (SDS) (Cat# L3771), 3-hydroxypicolinic acid (3-HPA) (Cat# 56197), potassium 

cyanide (Cat# 60178), potassium hydroxide (Cat# 221473), sodium bicarbonate (Cat# S6014), 

acetonitrile (Cat# 34998), and tetramethylethylenediamine (TEMED) (Cat# T9281) were 

purchased from Sigma-Aldrich (St. Louis, MO). Sodium phosphate dibasic was purchased from 

(Cat# 470302-660) Ward’s Science (Rochester, NY). 20x TE buffer (Cat# 42020325-2) was 

purchased from bioWORLD (Dublin, OH). Quant-IT Oligreen ssDNA reagent (Cat# O7582), 

Tween20 (Cat# BP337), 6x DNA loading dye (Cat# R0611), ammonium persulfate (APS) (Cat# 

BP179-25), and SYBR Gold nucleic acid gel stain (Cat# S11494) were purchased from Thermo 

Fisher Scientific (Waltham, MA). Saline sodium citrate (SSC) buffer (Cat# AM9763) was 

purchased from Ambion (Austin, TX). Cyanine 5 NHS ester (Cat# 23020) was purchased from 

Lumiprobe (Hunt Valley, MD). Triethylammonium acetate (Cat# 60-4110-57) and trifluoroacetic 

acid (Cat# 60-4040-57) were purchased from Glen Research (Sterling, VA). Ammonium citrate 

(Cat# 09831) was purchased from Fluka Analytical (Charlotte, NC). Tris(2-

carboxyethyl)phosphine hydrochloride (TCEP) (Cat# T1656) was purchased from Tokyo 

Chemical Industry (Tokyo, Japan). 30% Acrylamide/Bis Solution 29:1 (Cat# 1610156) was 

purchased from Bio-Rad (Hercules, CA). 
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2.4.3. Consumables 

200-mesh carbon coated copper grids (Cat# CF200-Cu) were purchased from Electron Microscopy 

Sciences (Hatfield, PA). Illustra-NAP 25 columns (Cat# 17085201) were purchased from GE 

healthcare (Pittsburg, PA). 96-well white flat bottom polystyrene microplates (Cat# 3912) were 

purchased from Corning (Corning, NY). P2 size exclusion gel (Cat# 1504118) was purchased from 

Bio-Rad (Hercules, CA). LightCycler 480 Multiwell Plate 96 qPCR plates (white) (Cat# 

04729692001) were purchased from Roche (Penzberg, Upper Bavaria, Germany). Amicon Ultra-

0.5 mL centrifugal filters (30,000 NMWL) (Cat# UFC503024) were purchased from EMD 

Millipore (Burlington, MA). 

 

2.4.4. Equipment 

The major equipment that was used in this study includes: H-7500 transmission electron 

microscope (TEM) (Hitachi), Nanodrop 2000 UV-Vis Spectrophotometer (Thermo Scientific), 

Barnstead nanopure water purifying system (Thermo Fisher), SB3D1020 3D Nutation Mixer 

orbital shaker (Southwest Science), ultrasonic cleaner bath sonicator (Cat# 97043-968) (VWR), 

5424 R centrifuge (Eppendorf), Synergy H1 plate reader (Biotek), Dual-Fl-UV-800 fluorometer 

(Horiba) with cuvette (105-251-15-40) (Hellma Analytics), high-performance liquid 

chromatography 1100 (Agilent) with AdvanceBio Oligonucleotide C18 column (653950-702, 4.6 

x 150 mm, 2.7 µm) (Agilent), Matrix-assisted laser desorption/ionization time-of-flight mass 

spectrometer (MALDI-TOF-MS) (Voyager STR), LightCycler 96 qPCR instrument (Roche), and 

Amersham Typhoon gel imager (GE Healthcare). 

 

2.4.5. Modeling 
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Statistics of association of oligos to SNAs with patterned or randomly distributed complements 

with varying segment number (n) were calculated using a mean-field lattice kinetic model, based 

on the Langmuir adsorption isotherm. Binding is assumed to take place through the initial binding 

of a single segment to an unoccupied complement site, at a rate proportional to the bulk solution 

oligo concentration cbulk ([Target]), followed by sequential binding of adjacent segments (if an 

unoccupied complementary neighbor site exists) at a rate proportional to some higher effective 

local concentration ceff.  Desorption of a lone single segment or of a bound segment on either end 

of a sequence of bound segments is treated using the same rate constant; desorption from the 

interior of a sequence of bound segments is assumed negligible.  

For a patterned heteroMV SNA, with n segments each templated sequence of n segments 

is assumed to equilibrate with the bath of oligos independently, as if all templates were on parallel 

tracks with no crossover possibility. Oligos are assumed to bind a track in a contiguous series of 

segments; the possibility of unbound internal loops is neglected. The fraction of tracks having an 

oligo bound at all segments from i to j with i  j  n is designated fij, leading to ½ n  (n+1) distinct 

binding arrangements to track. To express the rates of all possible adsorption and desorption events, 

it is useful to define individual site occupancies, 

Θ𝑖 = ∑ 𝑓𝑖′𝑗′

𝑖′≤𝑖,𝑗′≥𝑖

 

as well as the occupancies by lower and upper border segments, 

Θ𝑖,𝑙𝑜𝑤 = ∑ 𝑓𝑖𝑗′

𝑗′≥𝑖

; Θ𝑗,𝑢𝑝 = ∑ 𝑓𝑖′𝑗

𝑖′≤𝑗

 

(For i,j out of the range from 1 to n we can define Θ𝑖 , Θ𝑖,𝑙𝑜𝑤, Θ𝑗,𝑢𝑝 = 1.) 

Equations for the rates of the elementary processes then become: 
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Rates for binding the first and subsequent segments depend on the bulk or effective concentration 

and the fractional occupations of the complementary sites. The rate of the elementary process of 

adsorption at a single segment i follows the Langmuir model: 

𝑟𝑜𝑛,𝑖 = 𝑘𝑜𝑛𝑐𝑏𝑢𝑙𝑘(1 − Θ𝑖) 

The rates of binding of segments with higher or lower indices depend on the effective 

concentration and the probability that the adjacent site will be occupied. Noting that the 

complementary site at the next higher segment may either be free, with probability 1 − Θ𝑗+1, or 

occupied by the lowest bound segment of a different oligo, with probability Θ𝑗+1,𝑙𝑜𝑤, the fraction 

of bound oligos that have a free site at j+1 is incorporated into the elementary step rate as: 

𝑟𝑖,𝑗→𝑖,𝑗+1 = 𝑘𝑜𝑛𝑐𝑒𝑓𝑓𝑓𝑖,𝑗

(1 − Θ𝑗+1)

(1 − Θ𝑗+1 + Θ𝑗+1,𝑙𝑜𝑤)
. 

Similarly, 

𝑟𝑖,𝑗→𝑖−1,𝑗 = 𝑘𝑜𝑛𝑐𝑒𝑓𝑓𝑓𝑖,𝑗

(1 − Θ𝑖−1)

(1 − Θ𝑖−1 + Θ𝑖−1,𝑢𝑝)
. 

The rates of full desorption of oligos bound at a single segment i, or of lowering the valency by 1 

segment at the lower or upper end, all have the same simple form: 

𝑟𝑜𝑓𝑓,𝑖 = 𝑘𝑜𝑓𝑓𝑓𝑖𝑖 

𝑟𝑖,𝑗→𝑖+1,𝑗 = 𝑘𝑜𝑓𝑓𝑓𝑖,𝑗 

𝑟𝑖,𝑗→𝑖,𝑗−1 = 𝑘𝑜𝑓𝑓𝑓𝑖,𝑗 

From these elementary steps, master equations for all occupancies fij can be written and were 

integrated numerically to give kinetics of binding assuming constant and well-mixed cbulk. 

Random heteroMV SNAs with n segments were treated in an analogous manner, with the 

introduction of a distribution of track lengths created through this random deposition. Again, we 

neglect the possibility of crossover across tracks, assuming that the addition of a new path will be 
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cancelled out by the disruption of another path. To determine this distribution, we define a nearest 

neighbor number m, which represents how many sites are within range of a bound site. Assuming 

random distribution of oligos, the probability that no sites within range will have the correct 

sequence to bind one of n total segments is 

𝑥 = (
𝑛 − 1

𝑛
)

𝑚

 

This expression gives the fraction of all sites with a track length of 1. The probability that the track 

will end in each successive step is (
𝑛−1

𝑛
)

𝑚−1

, as the “backward” option is eliminated. The mean-

field probability of finding a track corresponding to each i,j  starting and ending segment is 

calculated using this approach; in the end, only the length n’= j-i+1 is used. Kinetic trajectories for 

each subset of tracks of length n’ are calculated in parallel exactly as for templated systems, and 

the results are weighted according to the number of tracks of different length.  

For both types of systems, the kinetic trajectories were calculated at fixed cbulk ([Target]) 

until converged at an equilibrium. The results at equilibrium depend on the following parameters 

in dimensionless units: cbulk, Kd (individual segment binding affinity, equal to koff/kon), ceff, and m. 

For the data in Figure 2.1D, cbulk was held constant at a value of 0.01 while Kd was varied with 

values of 1, 0.1, and 0.01. For Figure 2.1E, Kd was held constant at a value of 1 while cbulk was 

varied with values of 0.0001, 0.01, and 1. For Figure 2.1F, both parameters were held constant 

with cbulk = 0.01 and Kd = 1. Finally, all modeling results presented herein were generated with ceff 

= 10 and m = 6. The mean valency was calculated as:  

𝑣𝑎𝑙𝑒𝑛𝑐𝑦 =
∑ (𝑖 − 𝑗 + 1)𝑓𝑖𝑗𝑖,𝑗

∑ 𝑓𝑖𝑗𝑖,𝑗
 

It was assumed that each bound site had six nearest neighbors (m = 6) based on the hexagonal 

packing of Au atoms on the nanoparticle surface.37 
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2.4.6. Synthesis of Gold Nanoparticles 

The synthesis protocol was adapted from a published protocol from Mirkin and colleagues.38 

Briefly, the glassware was cleaned with aqua regia (HNO3 + 3HCl) and washed with nanopure 

water at least 5 times. Then, 250 ml of 1 mM gold (III) chloride trihydrate solution was transferred 

into a 500 ml round-bottom flask coupled to a reflux condenser (water flowing through the 

condenser). Next, the solution was heated and rigorously stirred till the refluxing rate reached ~1 

drip/s. While the gold solution was refluxing, 25 ml of 38.8 mM sodium citrate tribasic dihydrate 

solution was rapidly injected into the flask (one injection within 1 sec). The flask was resealed. 

The solution was kept stirring and turned to clear, to black, and then to wine-red. 15 mins after 

adding citrate solution, the heat was removed to allow the reaction to cool to room temperature 

(usually takes 2-4 hours). Lastly, the cool AuNP solution was filtered through a 0.45 µm acetate 

filter and stored at 4°C. The concentration of the AuNPs were determined by UV-Vis by measuring 

the absorbance at 520 nm with the Nanodrop instrument. The size of AuNPs was characterized by 

transmission electron microscopy (TEM). TEM measurements were acquired on a Hitachi H-7500 

transmission electron microscope at an accelerating voltage of 80 kV in the Robert P. Apkarian 

Integrated Electron Microscopy Core at Emory University. Briefly, 5 ml of gold solution was 

deposited on a 200-mesh carbon coated copper grid (Electron Microscopy Sciences) for 10 mins. 

Excess liquid was then wicked away and AuNPs were imaged without further negative staining 

using the TEM. 

 

2.4.7. Random HeteroMV SNA Synthesis 

Thiolated segment strands were treated with 0.1 M DTT in disulfide cleavage buffer (170 mM 

phosphate buffer, pH = 8.0) for 2-3 hours at room temperature to reduce the disulfide protecting 
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group to thiol. For heteroMV SNAs with n unique segments, the concentration of each segment in 

the mixture incubated with DTT is equal to total [DNA]/n. These reduced segment strands were 

purified using a NAP 25 size exclusion column. The oligo concentration was determined by UV-

Vis. Then, ~3 µM (final concentration) thiolated oligonucleotides were mixed with ~7 nM AuNPs 

(final concentration) in nanopure water and incubated on an orbital shaker overnight in the dark at 

room temperature. Next, phosphate adjustment buffer (100 mM phosphate buffer, pH = 7.0) and 

SDS (10% w/v in nanopure water) were added to make a DNA-AuNP mixture with 10 mM 

phosphate and 0.1% w/v SDS. This mixture was incubated on an orbital shaker for another 30 min 

at RT. Salting buffer (10 mM phosphate buffer and 2 M NaCl, pH 7.0) was then added in eight 

increments, increasing total NaCl concentration stepwise as follows: 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 

0.6, and 0.7 M. After each addition, the SNAs were sonicated in a bath sonicator 20–30 s and 

incubated on an orbital shaker for 20 min. Following salt aging to 0.7 M NaCl final concentration, 

SNAs were left overnight on an orbital shaker and then stored in 0.7 M NaCl at 4°C until use.  

 

2.4.8. Determining Number of Oligos/AuNP 

Salted particles (random SNAs and patterned SNAs) were washed three times by centrifugation at 

13,000 rpm for 20 min at 22°C. After each spin, particles were resuspended in nanopure water. 

The particles were then diluted to a concentration of 0.2, 0.4, 0.6, and 0.8 nM to yield a 320 µL 

solution in 1x TE buffer using a stock of 20x TE Buffer (0.2 M Tris-HCl and 20 mM EDTA, pH 

= 7.5) and nanopure water. To dissolve the gold core and release the oligonucleotides, the particles 

were incubated in 10 mM KCN (using a 200 mM KCN stock buffered in KOH) for 30 min. From 

each sample, 100 mL was added to three wells of a 96 well plate and incubated with 100 µL of 1x 

Oligreen reagent for ~5 min before measuring fluorescence using the Biotek plate reader. To 
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generate a standard curve of fluorescence vs. [DNA], 320 µL of 0, 0.1, 0.2, 0.5, 1, 1.5, and 2 ng/µL 

samples of unreduced DNA (mixture of same segments as the particles being measured) were first 

prepared in 1x TE buffer. DNA was then incubated with 10 mM KCN for 30 min to remain 

consistency with particle samples. From each sample, 100 µL was added to three wells of a 96 

well plate and incubated with 100 µL of 1x Oligreen reagent for ~5 min before measuring 

fluorescence using the plate reader. Using the standard curve, the concentration of DNA in particle 

samples was determined and then divided by initial AuNP concentration to determine the number 

of oligos per AuNP. 

 

2.4.9. Melting Curve Measurement for Random HeteroMV SNAs 

Salted random heteroMV SNA particles were washed three times by centrifugation at 13,000 rpm 

for 20 min at 22°C. After the first two spins, particles were resuspended in nanopure water. After 

the third spin, particles were resuspended in 1x PBS or 0.1x SSC, 0.2% Tween20 and concentrated 

to ~4 nM. Particles were then incubated for 1 hour with 100 nM of FAM-labeled target strand at 

room temperature with shaking. Following template strand hybridization, particles were washed 

three times at 13,000 rpm for 20 min to remove any unbound target. After the first two spins, 

particles were resuspended in 1x SSC and after the third spin, particles were resuspended in 4x 

SSC, 0.2% Tween20. A melting curve was obtained by heating the particles from 25°C to 80°C 

and measuring the fluorescence every 5°C using the Horiba fluorometer. Melting curves were fit 

on GraphPad Prism using the function: log(agonist) vs. response – variable slope equation. This 

fit provided a Tm for each melting curve. Normalized melting curves were obtained by plugging 

each data point x into the equation: (maximum fluorescence – x)/(maximum fluorescence – 

minimum fluorescence). The first derivative plot of each fitted curve was also plotted and fit to a 
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gaussian distribution, and the standard deviation was multiplied by 2.355 to obtain the full width 

at half-maximum value (fwhm). The fluorescence intensity at 80°C was used as the maximum 

fluorescence intensity value after melting. To determine how many targets bound to each SNA, a 

calibration curve was generated by measuring fluorescence intensity at 80°C of FAM-labeled 

target at a range of concentrations (0.1-80 nM) incubated with 4 nM T10-conjugated SNAs to 

control for AuNP quenching effects.  T10-conjugated SNAs were prepared by adding 3 nmol of 

Thiol-T10 DNA to 1 mL of 10 nM AuNP, incubating at -30°C for > 2 hours, and then thawing and 

washing 3x in nanopure water.39 The calibration curve was then used to convert maximum 

fluorescence intensity values after melting to concentration of target. Concentration of target 

values were then divided by 4 nM (SNA concentration) to determine targets bound per SNA. 

 

2.4.10. Cy5 Conjugation to Target Strands 

Excess NHS-Cy5 (250 μg) was dissolved in 10 µL of fresh DMSO and then added to 10 nmol of 

amine-labeled target strands in 1x PBS with 0.1 M NaHCO3. The reaction was left for > 4 hs at 

room temperature. After incubation, unreacted NHS-Cy5 and salts were removed by P2 gel 

filtration and purified using an analytical-scale reverse-phase HPLC with an Agilent AdvanceBio 

Oligonucleotide C18 column. Product was eluted in Solvents A: 0.1 M TEAA and B: ACN with a 

linear gradient of 10-100% Solvent B over 45 min at 0.5 mL/min flow rate. The desired product 

was characterized by MALDI-TOF-MS. 3-HPA was dissolved in 50% ACN/H2O containing 0.1% 

TFA and 5 mg/mL ammonium citrate as matrix to acquire MALDI-TOF-MS spectra. The 

concentration of the strands was determined by UV-Vis using a Nanodrop instrument. 

 

2.4.11. van’t Hoff Binding Affinity Measurement 
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Salted particles were centrifuged three times at 13,000 rpm for 20 min and after each centrifugation 

the supernatant was removed and replaced with fresh nanopure water. In a qPCR plate, 20 µL 

solutions of SNAs and Cy5-labeled targets at a 1:1, 5:1, or 10:1 target:SNA ratio were prepared in 

1x SSC, 0.2% Tween20 buffer. The targets were labeled with Cy5 rather than FAM due to its 

enhanced brightness allowing for more sensitive fluorescence detection. The total concentration 

of SNA and Cy5-targets (CT) was varied, while maintaining a 1:1, 5:1, or 10:1 target:SNA ratio, 

to prepare a series of CT values from 3.5 to 30, 10.5 to 90, or 19.25 to 165 nM, respectively. 

Samples were left to hybridize at RT for one hour to hybridize before measurement of Tm. Using 

the qPCR instrument (LightCycler 96), the plate was incubated at 40°C for 5 min before heating 

to 65°C at a rate of 2.4°C/minute with 25 fluorescent measurements obtained per °C. Melting 

curves were fit using the GraphPad Prism log(agonist) vs. response- variable slope function, 

providing a Tm for each melting curve. Triplicate Tm values for each sample at each CT value were 

obtained. Based on equation 1, ln(CT) vs. 1/Tm was then plotted and fit to a linear curve with slope 

equal to R/ΔH and y-intercept equal to (ΔS-R*ln(4))/(ΔH). A value of 1.986 x 10-3 kcal K-1 mol-1  

was used for R. 

 𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 1:   
1

𝑇𝑚
=

𝑅

𝛥𝐻
 𝑙𝑛𝐶𝑇 +

ΔS - R ln4

ΔH
 

From the values of ΔH and ΔS, values for ΔG and Keq were obtained using equation 2 and equation 

3, respectively, and extrapolating data to 298 K.  

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2: ΔG= ΔH-TΔS 

𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 3: 𝐾𝑒𝑞= 𝑒−𝛥𝐺 𝑅𝑇⁄  

 

2.4.12. Native PAGE 
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Segment strands (120 µM each) were annealed to template strand (100 µM) in 0.1x PBS, 0.1x 

Phosphate Adjustment Buffer (10 mM phosphate buffer). For the purified complex in lane 9, 

hybridized DNA was then incubated with 100x TCEP for ~30 min to remove thiol protecting 

groups. Hybridized DNA was then purified with a 30k amicon filter by centrifuging 3x at 14,000 

rcf for 30 min, removing flow-through (containing non-hybridized segments, excess TCEP, and 

thiol protecting group), and adding ~500 µL of 1x SSC to the concentrated sample after each 

centrifugation. 10 pmol of segments 1-6 mixture (lane 1) and 5 pmol of template (lane 2) or 

annealed complex (lanes 3-9) in 1x TBE with 1x DNA loading dye were added to a 6% native 

PAGE gel and run for an hour at 60 V. Gels were stained with 1x SYBR Gold reagent for 10 min 

and imaged on the Amersham Typhoon gel imager. 

 

2.4.13. Patterned and Mispatterned SNA Synthesis 

Non-reduced thiolated segment strands (120 µM each) were annealed to the template strand (100 

µM) in 0.1x PBS, 0.1x Phosphate Adjustment Buffer (10 mM phosphate buffer). Hybridized DNA 

was then incubated with 100x TCEP for ~30 min to remove thiol protecting groups. Hybridized 

and reduced DNA was then purified with a 30k amicon filter by centrifuging 3x at 14,000 rcf for 

30 min, removing flow-through (containing non-hybridized segments, excess TCEP, and thiol 

protecting group), and adding ~500 µL of 1x SSC to the concentrated sample after each 

centrifugation. 500 nM (final concentration) of annealed DNA was then added to ~10 nM AuNPs 

suspended in 10 mM phosphate buffer with 0.1% w/v SDS and 10 mM NaCl to maintain DNA 

hybridization and shook on an orbital shaker for one hour at room temperature. Particles were then 

salt-aged to 0.7 M NaCl as described above and backfilled with ~3 µM thiol-T10 DNA (final 

concentration) 20 min after the last salt addition to ensure complete saturation of the AuNP surface 
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with DNA. Particles were left overnight on an orbital shaker at room temperature and then stored 

at 4°C until ready for use. 

 

2.4.14. Determining Number of Templates/Patterned SNA 

Salted particles were centrifuged three times at 13,000 rpm for 20 min and after each centrifugation 

the supernatant was removed. After the first two spins, particles were resuspended in 1x SSC (pre-

dehybridization measurement) or nanopure water (post-dehybridization measurement). After the 

third spin, particles were resuspended in 4x SSC, 0.2% Tween20 and concentrated to ~4 nM. 

Particles were then heated from 25°C to 80°C and the fluorescence was measured every 5°C using 

the fluorometer. The maximum fluorescence intensity value was then converted to templates 

bound per SNA using the calibration curve and method presented above. 

 

2.4.15. Melting Curve Measurement for Patterned SNAs 

Salted particles (patterned and mispatterned SNAs) were washed three times by centrifugation at 

13,000 rpm for 20 min at 22°C. After the first two spins, particles were resuspended in nanopure 

water. After the third spin, particles were resuspended in 1x PBS and concentrated to ~4 nM. 

Particles were then incubated for 1 hour with 100 nM of FAM-labeled no-spacer target strand at 

room temperature with shaking. Following template strand hybridization, particles were washed 

three times at 13,000 rpm for 20 min to remove any unbound target. After the first two spins, 

particles were resuspended in 0.1x SSC, 0.2% Tween20 and after the third spin, particles were 

resuspended in 4x SSC, 0.2% Tween20. Using the qPCR instrument (Light cycler 96), the plate 

was incubated at 40°C for 5 min before heating to 71°C at a rate of 2.4°C/minute with 25 

fluorescent measurements obtained per °C. Melting curves were fit using the GraphPad Prism 
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log(agonist) vs. response- variable slope function, providing a Tm for each melting curve. The first 

derivative plot of each fitted curve was also plotted and fit to a gaussian distribution and the 

standard deviation was multiplied by 2.355 to obtain the full width at half-maximum value (fwhm). 

To determine how many targets bound to each SNA, a calibration curve was generated by 

measuring fluorescence intensity at 80°C of FAM-labeled target at a range of concentrations (0.1-

80 nM) incubated with 4 nM T10-conjugated SNAs to control for AuNP quenching effects.  T10-

conjugated SNAs were prepared by adding 3 nmol of Thiol-T10 DNA to 1 mL of 10 nM AuNP, 

incubating at -30°C for > 2 hours, and then thawing and washing 3x in nanopure water.39 The 

calibration curve was then used to convert maximum fluorescence intensity values after melting 

to concentration of target. Concentration of target values were then divided by 4 nM (SNA 

concentration) to determine targets bound per SNA. 
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2.5. Appendix 

Figure A2.1. Modeling the impact of target concentration and surface occupancy on mean 

binding valency. (a-b) Modeling results predicting the mean binding valency of random n=1-6 

SNAs as the target concentration (a) and the fraction of binding sites on the surface bound to a 

target (b) increases, assuming the Kd of each individual segment binding to the particle equals 1. 

(c-d) Modeling results predicting the mean binding valency of random n=1-6 SNAs as the target 

concentration (c) and the fraction of binding sites on the surface bound to a target (d) increases, 

assuming the Kd of each individual segment binding to the particle equals 0.01. The target 

concentrations and Kd values used for these modeling results are of arbitrary units (a.u.). 
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Figure A2.2. Depiction of multivalent DNA binding interaction. (a) Table showing binding 

sequences for segments 1-6 as well as the spacer-containing (underlined) target and the 

template/target with no spacers. The melting temperature was determined using the nearest 

neighbor thermodynamic estimate on the OligoAnalyzer software package available on IDT’s 

website. For predicted Tm’s, the following conditions were used: oligonucleotide concentration = 

250 nM, Na+ = 150 mM, and Mg2+ = 0 mM. (b) Schematic depicting the binding interaction 

between segments 1-6 with the target and with the template/no-spacer target. Based on data not 

shown, adenine bases in the spacer region of the spacer-containing target are depicted hybridizing 

the thymine bases at the 3’ end of the T10 linker, resulting in the likely formation of a 1 nt gap 

between segments 2 and 3 and between segments 4 and 5 and a single-strand nick between 

segments 3 and 4. Alternatively, the no-spacer target/template forms a single-strand nick between 

each binding interaction. 
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Figure A2.3. Synthesis and characterization of heteroMV SNAs. (a) Representative TEM 

image of citrate stabilized AuNPs used in this work. (b) Histogram plotting the particle diameter 

based on analysis of 326 AuNPs imaged using TEM. (c) Schematic showing synthesis of 

heteroMV SNAs. Equimolar concentrations of thiolated-T10-segments 1-6 were added to 13 nM 

AuNPs and then salt-aged to yield heteroMV SNAs with n unique oligos (n ≤ 6). (d) Schematic 

illustrating the protocol for determining the number of oligos per AuNP. HeteroMV SNAs were 

incubated with 10 mM KCN for 30 min to dissolve the AuNP core. Released oligos were then 

incubated with Quant-iT OliGreen reagent for ~5 min before measuring fluorescence. (e) 

Calibration curves for n=1 and n=6 SNAs were generated by incubating a range of concentrations 

of segments 1 or segments 1-6 (for n=1 and n=6 SNAs, respectively) with Quant-iT OliGreen 

reagent (mean ± SEM). Each data point represents the mean value of triplicate fluorescence values 

for each sample at each concentration. Each curve was linearly fit to obtain a conversion factor 

between fluorescence intensity and [DNA]. (f) Plots showing the DNA density (DNA/AuNP) for 

n=1 and n=6 SNAs (mean ± SEM). Each data point represents the mean value from 4 samples 

prepared at 0.2, 0.4, 0.6, and 0.8 nM initial AuNP concentration, with triplicate fluorescence values 

for each sample at each concentration. An unpaired student t test showed no statistical difference 

(P > 0.05) for DNA/AuNP between n=1 and n=6 SNAs.  
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Figure A2.4. Raw melts and binding capacity determination for random heteroMV SNAs. 

(a-b) Raw melting curves for n=1-6 SNAs after hybridizing in (a) 1x PBS or (b) 0.1x SSC, 0.2% 

Tween20. (c-d) Normalized melting curves for n=1-6 SNAs after hybridizing in (c) 1x PBS or (d) 

0.1x SSC, 0.2% Tween20. Each data point represents the mean and SEM of triplicate 

measurements. (e) Scheme showing how to calculate number of targets bound per AuNP from 

fluorescence intensity value after melting using a calibration curve. (f) Calibration curve generated 

by measuring fluorescence intensity at 80°C of target at different concentrations incubated with 

T10 AuNPs. (g-h) The impact of increasing n on targets bound per SNA after hybridizing target 

to SNA in 1x PBS (g) or in 0.1x SSC, 0.2% Tween20 (h). Error bars represent standard error of 

the mean. Values were compared using unpaired student t tests (*P < 0.05; **P < 0.01; ***P < 

0.001). 
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Figure A2.5. Characterization of modified oligonucleotides. (a) Structure of oligonucleotide 

modifications used in the current work. (b-c) HPLC traces and MALDI-TOF-MS of the (b) no-

spacer Cy5-labeled target and the (c) Cy5-labeled target after reacting the corresponding amine 

targets with NHS-Cy5. Arrows represent the material collected from HPLC. (d) Table of calculated 

masses, measured m/z values found, and percent error of starting materials and Cy5-labeled 

products.  
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Figure A2.6. Impact of target:SNA ratio on random heteroMV SNAs binding 

thermodynamics. (a-b) Tm (a) and fwhm (b) values in triplicate of 5 nM random n=1-6 SNAs 

incubated with Cy5-labeled target at 1:1, 5:1, or 10:1 target:SNA ratios. (c-e) ΔH (c), -TΔS (d), 

and log(Keq) (e) values for n=1-6 random SNAs incubated with Cy5-labeled target at 1:1, 5:1, or 

10:1 target:SNA ratios. Data represents mean values of three replicates and error bars correspond 

to SEM. The complete set of Tm values from which ΔH and -TΔS were calculated are shown in 

Table A2.2 for the 1:1 target:SNA ratio data and Table A2.5 for the 5:1 and 10:1 target:SNA ratio 

data. ΔH and -TΔS values are shown in Table A2.3 for the 1:1 target:SNA ratio data and Table 

A2.6 for the 5:1 and 10:1 target:SNA ratio data. Finally, log(Keq) values are shown in Table A2.4 

for the 1:1 target:SNA ratio data and Table A2.6 for the 5:1 and 10:1 target:SNA ratio data. 
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Figure A2.7. Preparation of template/segments complex and PAGE characterization. (a) 

Schematic showing preparation of template/segments complex. Unreduced T10-segments 1-6 

were first annealed to the template at 1.2:1 ratio (120 µM of segment 1, 120 µM of segment 2, etc. 

and 100 µM of template). Following hybridization, thiol protecting groups on segments 1-6 were 

cleaved using 100x TCEP for ~30 min. Finally, template/segments complex was purified using a 

30k amicon filter to remove unbound segments 1-6, thiol protecting group, and TCEP. (b) 6% 

native PAGE gel showing binding of segments 1-6 to the template. Lane 1: segments 1-6 mixture, 

Lane 2: template, Lane 3: annealed segment 1-template complex, Lane 4: annealed segments 1-2-

template complex, Lane 5: annealed segments 1-3-template complex, Lane 6: annealed segments 

1-4-template complex, Lane 7: annealed segments 1-5-template complex, Lane 8: annealed 

segments 1-6-template complex, Lane 9: annealed, reduced, and purified segments 1-6-template 

complex. With the addition of each segment to the template, the duplex’s mobility through the gel 

was further retarded. 
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Figure A2.8. Geometric model of template/segments complex attached to surface of AuNP. 

2D geometric model (drawn to scale) of the hybridized template/segments 1-6 complex attached 

to the surface of a 13 nm gold nanoparticle. The AuNP has a radius of ~6.5 nm and a circumference 

of ~40.8 nm. When assuming the T10 spacer on segments 1-6 adds an additional 6.3 nm between 

particle surface and complex lying tangential to surface, the particle and T10 has a radius of 12.8 

nm (80.4 nm circumference).40 If we assume the template/segments complex is ~27.5 nm long 

(length of 81mer duplex), then we can calculate that the complex will wrap around 34% of the 

particle surface. Moreover, since segments 1-6 are not connected, there will be “single stranded 

nicks” that will allow the complex to accommodate for the local curvature of the gold nanoparticle. 
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Figure A2.9. Scheme, raw melts, and characterization for patterned SNAs template melting. 

(a) Schematic for thermal melting assay for determining templates bound to patterned SNAs before 

and after dehybridization of the template. Salted patterned SNAs were either washed 3x with 1x 

SSC (pre-dehybridization) or 3x with nanopure water (post-dehybridization) (mean ± SEM from 

three triplicate melting curves). (b) Raw melting curves for patterned SNAs pre-dehybridization 

and post-dehybridization. (c) Table of Tm values, fwhm values, and number of targets bound from 

melting curves in (b) (mean ± SEM).  
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Figure A2.10. Preparation of mispatterned SNAs and determination of segment densities for 

patterned and mispatterned SNAs. (a) Schematic for synthesis of n=6 mispatterned SNAs. 

Segments 1-6 were hybridized to the shuffled mispatterned template before incubation with 

particle. Particle was then salt-aged and washed with water to dehybridize mispatterned template, 

yielding mispatterned heteroMV SNA. (b) Table including patterned and mispatterned template 

sequences. The melting temperature was determined using the nearest neighbor thermodynamic 

estimate on the OligoAnalyzer software package available on IDT’s website. For predicted Tm’s, 

the following conditions were used: oligonucleotide concentration = 250 nM, Na+ = 150 mM, and 

Mg2+ = 0 mM. (c) Plots showing the DNA density (DNA/AuNP) for n=6 patterned and 

mispatterned SNAs (mean ± SEM). Each data point represents the mean value from 4 samples 

prepared at 0.2, 0.4, 0.6, and 0.8 nM initial AuNP concentration, with triplicate fluorescence values 

for each sample at each concentration. An unpaired student t test showed no statistical difference 

(P > 0.05) for the number of DNA/AuNP between patterned and mispatterned SNAs. 
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Figure A2.11. Melting characterization of patterned SNAs binding excess targets. (a) 

Triplicate raw melting curves for patterned and mispatterned n=6 SNAs after hybridizing to the 

no-spacer target at a 25:1 target:SNA ratio in 1x PBS and washing with 0.1x SSC, 0.2% Tween20 

buffer. Each data point represents a single fluorescence reading. (b-c) Melting temperature (Tm) 

(b) and full width at half-maximum (fwhm) (c) values (mean ± SEM) for patterned and 

mispatterned SNAs after fitting data raw data in (a). Values were compared using an unpaired 

student t test (nsP > 0.05; **P < 0.01). The larger fwhm value for patterned SNAs suggests 

patterned SNAs bind some targets with higher valencies that are less achievable for mispatterned 

SNAs, while both particle types form lower valency interactions as well due to the high target 

concentration that saturates the surface, resulting in a broader melting transition. (d) Calibration 

curve generated by measuring fluorescence intensity at 80°C of target at different concentrations 

incubated with T10 AuNPs. 
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Figure A2.12. Raw melts, ΔH, and -TΔS values for patterned, random and mispatterned n=6 

heteroMV SNAs. (a) Triplicate raw thermal melting curves for patterned, random, and 

mispatterned n=6 SNAs binding the no-spacer Cy5-labeled target. For melting curves shown: 

[SNA] = 3.5 nM, [target] = 3.5 nM, CT = 7 nM. Each melting curve was fit as described in the 

methods section and a Tm for each curve was calculated. (b-c) ΔH (b) and -TΔS (c) values for 

patterned, random, and mispatterned n=6 SNAs binding the no-spacer Cy5-labeled target. Error 

bars represent mean ± SEM from three replicate measurements. Tm values for random n=6 SNAs 

are shown in Table A2.2 and Tm values for patterned and mispatterned SNAs are shown in Table 

A2.7. 
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Table A2.2. Tm values for random heteroMV SNAs from van’t Hoff melting assay. Tm values 

(mean ± SEM) from three individual melting curves (3 separate hybridizations and melts) for n=1-

6 SNAs binding to Cy5-labeled targets at a 1:1 ratio (CT = [SNA] + [Target]). Targets were 

hybridized to SNAs in 1x SSC, 0.2% Tween20 buffer for 1 hour at room temperature. Thermal 

melting curves were obtained by reading fluorescence increase with a qPCR instrument as Cy5-

target dehybridizes from SNA. 
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Table A2.3. Thermodynamic values for random heteroMV SNAs. ΔH, ΔS, and ΔG values 

(mean ± SEM) from linear fits of three ln(CT) vs. 1/Tm curves for n=1-6 SNAs binding to Cy5-

labeled targets. ln(CT) vs. 1/Tm curves were obtained from Tm values in Table A2.2. ΔG values 

were calculated using a temperature value of 298 K. 
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Table A2.4. Affinity values for random heteroMV SNAs. log(Keq) (mean ± SEM) from 

triplicate ΔG values (Table A2.3) and β values (β = Keq
multi (n>1)/Keq

mono (n=1)) for n=1-6 SNAs 

binding to Cy5-labeled targets.  
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Table A2.5. Tm values for random heteroMV SNAs from 5:1 and 10:1 target:SNA ratio van’t 

Hoff melting assays. Tm values (mean ± SEM) from three individual melting curves (3 separate 

hybridizations and melts) for n=1-6 SNAs binding to the Cy5-labeled target at a 5:1 or 10:1 

target:SNA ratio (CT = [SNA] + [Target]). Targets were hybridized to SNAs in 1x SSC, 0.2% 

Tween20 buffer for 1 hour at room temperature. Thermal melting curves were obtained by reading 

fluorescence increase with a qPCR instrument as Cy5-target dehybridizes from SNA. 
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Table A2.6. Thermodynamic and affinity values for random heteroMV SNAs from 5:1 and 

10:1 target:SNA ratio assays. ΔH, ΔS, and ΔG values (mean ± SEM) from linear fits of three 

ln(CT) vs. 1/Tm curves for n=1-6 SNAs binding to the Cy5-labeled target at a 5:1 or 10:1 

target:SNA ratio. ln(CT) vs. 1/Tm curves were obtained from Tm values in Table A2.5. ΔG values 

were calculated using a temperature value of 298 K. log(Keq) (mean ± SEM) from triplicate ΔG 

values and β values (β = Keq
multi (n>1)/Keq

mono (n=1)) for n=1-6 SNAs binding to the Cy5-labeled target. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



89 
 

Table A2.7. Tm values for patterned SNAs from van’t Hoff melting assay. Tm values (mean ± 

SEM) from three individual melting curves (3 separate hybridizations and melts) for n=6 patterned 

and mispatterned SNAs binding to Cy5-labeled targets at 1:1 ratio (CT = [SNA] + [target]). Targets 

were hybridized to SNAs in 1x SSC, 0.2% Tween20 buffer for 1 hour at room temperature. 

Thermal melting curves were obtained in the same buffer solution by reading fluorescence increase 

with a qPCR instrument as Cy5-target dehybridizes from SNA. 
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Table A2.8. Thermodynamic and affinity values for patterned SNAs. ΔH, ΔS, ΔG, log(Keq), 

and β (Keq
multi (n>1)/Keq

mono (n=1)) values (mean ± SEM) from linear fits of three ln(CT) vs. 1/Tm 

curves for n=6 patterned and mispatterned SNAs binding to Cy5-labeled targets. ln(CT) vs. 1/Tm 

curves were obtained from Tm values in Table A2.7. ΔG values were calculated using a 

temperature value of 298 K.  
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Heteromultivalency Enables Optimization of the Specificity and Cooperativity 

of DNA Hybridization 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 
 

3.1. Introduction 

 

Specific hybridization between complementary nucleic acids enables many sensing and 

diagnostic methods.1-4 For example, PCR assays rely on specific hybridization between primers 

and templates. However, there is often a fundamental trade-off between maximizing specificity 

and sensitivity.5 High binding affinity results in improved sensitivity, allowing the detection of 

lower concentration oligonucleotides, but also leads to enhanced off-target binding and decreased 

discrimination between similar targets. Conversely, lowering target affinity can enhance 

specificity but lowers the sensitivity of an assay. Thus, there is an affinity “sweet spot” that 

maximizes the ratio between on- and off-target binding.6 Unfortunately, this optimized affinity is 

difficult to achieve, often resulting in poor discrimination for targets containing mismatches, such 

as single nucleotide polymorphisms (SNPs).5, 7-8 SNPs are implicated in genetic disorders and 

cancer, and thus rapid and simple detection is highly desirable. Tuning the affinity to maximize 

specificity can be achieved by changing the probe length. However, the problem with this strategy 

is that adding or removing a single base pair drastically changes affinity, resulting in low-precision 

affinity tuning.6, 9 Adjusting hybridization conditions such as temperature or ionic strength can 

also optimize affinity for detecting targets with a single SNP, but this approach fails when detecting 

multiple mutations simultaneously in a multiplexed or microarray-type assay.10 Therefore, a 

fundamental problem in the field pertains to developing facile strategies to fine tune target affinity 

to optimize specificity of binding. 

To overcome this challenge, we tested the hypothesis that multivalent binding can be used 

to optimize the specificity of hybridization and hence boost the performance of nucleic acid 

sensing assays. In such assays, target binding often occurs on DNA-functionalized surfaces or 

particles to allow a more rapid and simple readout.11-14 These structures, which we refer to as 
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homomultivalent (homoMV) DNA-coated structures (Figure 3.1A, top), typically hybridize 

“monovalently”, forming a single duplex with each target. There are a few examples of homoMV 

structures binding targets multivalently, however this approach is only applicable for repetitive 

targets.15-16 We recently demonstrated that heteromultivalent (heteroMV) structures presenting 

multiple distinct oligonucleotide sequences (Figure 3.1A, bottom) can bind multivalently to non-

 
Figure 3.1. Hypothesized advantages of heteromultivalent DNA hybridization and 

modeling key applications.  (a) General illustration of a homoMV DNA-coated structure 

containing only one unique oligonucleotide sequence (A) and a heteroMV DNA-coated 

structure containing two unique oligonucleotide sequences (A and B). (b) Scheme illustrating 

the difficulty in tuning binding affinity by adding an additional base pair to a homoMV binding 

interaction and the hypothesized ability of a heteroMV structure to more precisely tune the 

binding affinity of hybridization to achieve maximum specificity. (c) Scheme illustrating the 

effect of distance between two SNPs on homoMV and heteroMV hybridization specificity. (d-

g) Schemes and modeling predictions describing the specificity for one SNP (d), cooperativity 

(e), cis/trans discrimination (f), and specificity for two SNPs (g) of heteroMV particles 

presenting two oligos with Keq (M
-1) values that are optimal for each application.   
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repetitive targets with high avidity.17 Motivated by this work, we investigated if presenting a tuning 

oligo (T) alongside a SNP-binding oligo (S) can precisely tune target binding affinity and achieve 

high specificity for a single mismatch without relying on buffer optimization (Figure 3.1B).  

Specificity is also important in applications that require detecting multiple mutations in a 

single target. For example, haplotype phasing analyses involve distinguishing “cis” and “trans” 

mutations located on the same or different chromosomal copy.18-19 Identifying the strain of a 

rapidly evolving virus also requires specificity for the unique mutations present. However, 

detecting two mutations on a target is difficult to achieve, as monovalent binding probes bind either 

both sites and the region in between (R) with low specificity (Figure 3.1C), or bind each mutation 

separately with no cooperativity. To address this challenge, we engineered heteroMV binding to 

hybridize cooperatively to two mutations with a non-complementary spacer in between (Figure 

3.1C). With this approach, overall affinity for a desired target is enhanced while maintaining low 

affinity for single mutant or wildtype targets, similar to “AND” logic gates and proximity assays.20-

22 Moreover, due to the additive effect of each mismatch, we hypothesized that specificity 

significantly increases two mutations are targeted through heteromultivalent binding. 

In this work, we studied heteroMV DNA-coated silica microparticles presenting two 

unique oligo sequences (n=2) of different length that bind to single stranded targets containing a 

complementary region to each oligo. The two oligos bind single or double mutant targets in several 

different orientations while the complementary target regions are directly adjacent or separated by 

a spacer. Through mathematical modeling and a flow cytometry-based assay that allows rapid 

measurement of target binding to each microparticle, we reveal that heteroMV binding boosts 

discrimination for a SNP by a factor of up to 10 over monovalent binding when the length of T < 

S. Moreover, we demonstrate that cooperativity is maximized when the T and S oligos are tuned 
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such that they bind with similar, yet weak affinities. This high cooperativity persists when binding 

to two sites of a target separated by an up to 15 nucleotides (nt) long spacer region and can be 

further improved by modifying the binding orientation of the two oligos. Through precise tuning 

of both specificity and cooperativity we display the ability to easily distinguish model 

heterozygous cis and trans mutations. Finally, we apply heteroMV hybridization towards 

discriminating model SARS-CoV-2 targets corresponding to the original, alpha, or omicron strains 

and observe ~800-fold binding enhancements for the omicron target. Overall, heteroMV binding 

greatly expands the potential of DNA hybridization-based assays and DNA nanotechnology by 

offering highly tunable specificity and cooperativity. 

 

3.2. Results 

3.2.1. Modeling the Specificity and Cooperativity of HeteroMV Hybridization  

To predict the impact of heteroMV binding on hybridization specificity and cooperativity, 

we focused on a particle modified with 50% S and 50% T oligos. Binding of the target to the 

particle was modeled as a two-step reversible reaction where S and T bind their complements with 

binding constants Keq, S and Keq, T, respectively. The particle-target complex can form three distinct 

binding states where only S binds, only T binds, or where both segments bind (Figure A3.2). The 

equilibrium constant for the target bound to both segments can be described as: 

Keq = Keq, S * Keq, T * ceff (1) 

where ceff is the effective concentration of the unbound second oligo within the volume accessible 

to the target after binding the first oligo. Thus, the total affinity of all three states for the particle 

binding a complementary SNP-containing target is: 
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Keq, S + T, SNP = Keq, S + Keq, T + Keq, S * Keq, T * ceff (2) 

To incorporate specificity into the model, we also derived a binding constant for a wildtype target 

(WT) containing a mismatch in S’ (Figure 3.1D). To account for the decreased affinity of the 

mismatched S oligo-WT target duplex, a mismatch factor (MM) is multiplied to each Keq, S term. 

Alternatively, the T oligo is non-complementary to the SNP, and thus MM is not applied to the 

Keq, T terms. Therefore, the total binding affinity for the particle binding the WT target is: 

Keq, S + T, WT = MM * Keq, S + Keq, T + MM * Keq, S * Keq, T * ceff    (3) 

We next derived an equation to calculate the equilibrium binding occupancy, 𝜃, of the particle-

functionalized oligos and converted 𝜃 to an arbitrary assay signal, I, using inputted maximum and 

background assay signals (see 3.4.5. Modeling). By calculating I when the particles bound the 

SNP target or the WT target, the discrimination factor (DF) was calculated using the equation: 

DF = ISNP / IWT (4) 

Moreover, by calculating I when a particle with only the S oligo, only the T oligo, or both oligos 

bound the SNP target (Figure 3.1E), the cooperativity factor (CF) was calculated using the 

equation: 

CF = 2 * IS+T / (IS + IT) (5) 

To predict the impact of Keq, S and Keq, T on DF and CF, a series of affinities for each oligo 

were chosen with values spanning many orders of magnitude. The incremental change in affinity 

between each binding constant roughly approximated the impact of adding one additional base 

pair to a DNA duplex. Mock values of I, DF, and CF were then generated for each combination of 

Keq, S and Keq, T (Figure A3.2). As described previously for monovalent hybridization,6 the 

relationship between DF and Keq follows a Gaussian distribution, where a specific Keq value (Keq, 

optimal) maximizes DF (DFmax) and any Keq value less than or greater than Keq, optimal results in a 



100 
 

diminished DF (Figure A3.1). For example, our modeling predicts that for an S only particle, 

increasing Keq, S from 20 to 400 pM-1 (representing the addition of one base pair to the duplex) 

overshoots Keq, optimal and thus DFmax is not achieved. However, adding a T oligo with Keq, T = 0.03 

pM-1 instead precisely increases the total affinity from 20 to 40 pM-1 and yields a DF greater than 

that of any of the n=1 particles in the series (Figure 3.1D). Note that the model predicts that the T 

oligo will not enhance DFmax and also that if Keq, T is too large (regardless of Keq, S), then DFmax 

will decrease (Figure A3.2).The second major prediction from the modeling is that CF will be 

greatest when Keq, S ≈ Keq, T. Specifically, when Keq, S = 20 pM-1 and Keq, T = 10 pM-1 the model 

predicts that the n=2 particle will bind ~50x more targets than the average of the two corresponding 

n=1 particles (Figure 3.1E). 

We next sought to predict whether heteroMV DNA-coated structures can be used to 

determine if two mutations are located on the same or different chromosome copies. Of the 10 

unique combinations of two mutations on two chromosome copies (see 3.4.5. Modeling), 

heterozygous cis trans mutations are the most difficult to distinguish (Figure 3.1F).23-24 To predict 

the ability to differentiate two cis or trans mutations, the model was modified so that both oligos 

are complementary to a SNP by applying a MM factor to Keq, S1 and Keq, S2 when binding a target 

lacking the corresponding SNPs. This modification then yields equations for total affinity to the 

SNP1/SNP2, SNP1/WT2, WT1/SNP2, and WT1/WT2 targets (see 3.4.5. Modeling). Equal mixtures 

of SNP1/SNP2 and WT1/WT2 targets or SNP1/WT2 and WT1/SNP2 targets were used to represent 

heterozygous cis or trans mutations, respectively. Cis/trans DF values were then calculated using 

the equation: 

DFcis/trans = Icis / Itrans (6) 
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Using the same individual oligo binding affinities as used in Fig. 3.1D and 3.1E, the DFcis/trans 

values were generated for each combination of Keq, S1 and Keq, S2 (Figure A3.3). These modeling 

calculations predicted that two oligos with roughly equal binding affinities, slightly weaker than 

those predicted to give the best CF, will result in the highest DFcis/trans (Figure 3.1F). Alternatively, 

to maximize DFSNP1+SNP2 (ISNP1/SNP2 / IWT1/WT2) to ~300, our calculations suggest that a total affinity 

between the affinities that yielded the best CF and DFcis/trans values is optimal (Figure 3.1G and 

A3.3). Note that DFSNP1+SNP2 is significantly enhanced due to both binding interactions being 

impacted by the presence of SNPs. Overall, the mathematical model predicts that a T oligo with 

lower affinity than the S oligo will give the highest specificity for a single mismatch, a T oligo 

with similar affinity to the S oligo will maximize cooperativity, and two S oligos with equal but 

weak affinity will offer the highest cis/trans discrimination or specificity for targets containing two 

mutations. 

 

3.2.2. Measuring the Specificity and Cooperativity of HeteroMV Hybridization 

To test the modeling predictions, we designed five S oligos (7-11 nt long, 7S-11S) and 

seven T oligos (4-10 nt long, 4T-10T) complementary to a 25 nt region of the KRAS genetic 

sequence that contains the G12C mutation (Figure 3.2A and Figure A3.4). We focused on this 

target because KRAS is an important oncogene and a driver of lung, pancreatic, and colorectal 

cancers when mutated.25 The G12C target containing the mutation was designed to be perfectly 

complementary to both the S and T oligos, whereas the WT target lacking the mutation binds the 

S oligos with a single base mismatch and the T oligos with no mismatches. Both targets were 

modified at their 3’ termini with an Atto647N fluorophore using NHS chemistry (Figure A3.5 

and Figure A3.6). Each of the S and T oligos contained a T10 polynucleotide linker and a 5’ thiol 
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group to enable conjugation to silica beads using a heterobifunctional linker named SMCC (Figure 

A3.7). Beads were modified with each possible combination of the S and T oligos, giving a total 

library of 48 different DNA-coated silica beads. The density of the oligos on the beads were 

measured by first dissolving the beads in 0.1 M KOH as demonstrated previously26 and then using 

Oligreen reagent to quantify the amount of DNA in solution. These measurements revealed that 

 

Figure 3.2. Measuring the specificity and cooperativity of heteroMV hybridization using 

flow cytometry. (a) Design of the oligonucleotides included in the screen to maximize 

discrimination factor and best cooperativity factor. Yellow box indicates the position of the 

SNP in the target sequence. (b) Scheme describing the flow cytometry-based assay used to 

quantify target binding to 5 µm DNA-coated silica particles. (c and d) Heatmaps showing the 

median fluorescence intensity of each bead included in the screen when incubated with the 

G12C target (c) and the WT target (d). (e and f) Heatmaps showing the discrimination factor 

(e) and cooperativity factor (f) of each bead included in the screen. The cooperativity factor is 

shown for beads incubated with the G12C target. (g) Representative histograms for 9S, 5T-9S, 

6T-9S, and 10S beads binding the G12C and WT targets. (h) Representative histograms for 8T, 

8S, and 8T-8S beads binding the G12C target. (i) Measured discrimination factors for 9S, 5T-

9S, 6T-9S, and 10S beads. (j) Measured median fluorescence intensity values for 8T, 8S, and 

8T-8S beads binding the G12C target. Error bars represent standard error of the mean. Values 

were compared using paired one-way ANOVA with multiple comparisons follow-up tests 

(nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001). 
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the average distance between each oligo on the bead surface was ~5 nm, allowing S and T oligos 

to bind multivalently to the same target (Figure A3.8).  

To measure relative binding of the two targets to each of the 48 beads, a flow cytometry-

based assay was designed. In this assay, the DNA-coated beads were incubated with 1 nM of target 

in 1x SSC, 0.1% Tween20 buffer, after which unbound targets were removed through 

centrifugation and the fluorescence intensity of each individual bead was measured using a flow 

cytometer (Figure 3.2B and Figure A3.9). Median fluorescence intensities (MFI) were measured 

for each of the 48 beads when they bound the G12C target and the WT target. As expected, MFIs 

generally increased when the S and/or the T oligo increased in length, confirming that increasing 

binding affinity results in higher surface occupancy, (𝜃) (Figure 3.2C, 3.2D, and A3.10). To 

quantify specificity, DF values were calculated for each bead mixture by dividing the G12C and 

WT MFIs (Figure 3.2E). Similar to the modeling predictions, the beads presenting the 9S oligo 

alongside the 5T, 6T, or 7T oligo had the highest DFs. Specifically, the 5T-9S beads yielded 37% 

higher specificity compared to the 9S beads (Figure 3.2I), which had the highest DF of the 

homoMV beads tested. Importantly, this enhancement was enabled by precise fine-tuning of Keq 

as the 5T-9S and 6T-9S beads yielded MFIs between that of the 9S and 10S beads (Figure 3.2G). 

In further agreement with the modeling, the screen showed that the 8T-8S beads bound most 

cooperatively to the G12C target, with almost 40x greater target binding than the average of the 

8T and 8S n=1 beads (Figure 3.2F, 3.2H, and 3.2J). Fluorescence microscopy was also used to 

image targets hybridized to the beads and confirmed homogeneous binding across the bead surface 

(Figure A3.11). 
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3.2.3. Determining the Impact of Spacer Length on HeteroMV Hybridization Specificity and 

Cooperativity 

Next, to assess the ability of heteroMV beads to bind with high cooperativity to two non-

adjacent regions of a target, several spacer-containing targets were designed and tested. Previously, 

the impact of long, flexible spacers/linkers on multivalent binding avidity has been a controversial 

topic. Some studies reported that flexibility leads to poor cooperativity due to loss of 

conformational entropy upon binding,27 while others noted minimal impacts of spacer length on 

avidity and cooperativity.15, 28 Hence these experiments were designed to test whether 

hybridization cooperativity and specificity are maintained when the spacer length increases. We 

therefore introduced a tri-ethylene glycol (short) or a hexa-ethylene glycol (long) modification 

between the T’ and S’ binding regions (internal) or, as a negative control, at the 5’ terminus of the 

target (terminal) (Figure 3.3A). Thus, a total of 10 targets were tested with the 8T-8S beads using 

the flow cytometry-based assay.  

The results showed that as internal spacer length increased, more G12C targets bound the 

beads (Figure 3.3B). Inserting a short spacer also enhanced binding to the WT target though the 

long spacer did not lead to a further increase in binding (Figure 3.3C and Figure A3.12). As 

expected, the terminal spacers did not impact binding to the G12C or WT targets, confirming that 

the poly-ethylene glycol (PEG) polymer does not chemically influence target binding. The CF of 

the 8T-8S beads for the G12C targets with different spacer lengths was also calculated by dividing 

the 8T-8S beads’ MFI by the average of the 8T and 8S beads’ MFIs when binding the no spacer 

target. These calculations revealed significant increases in cooperativity as a function of increasing 

spacer length (Figure 3.3D). The impact of spacer length on specificity was also assessed by 
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calculating the DF of the 8T-8S beads for each target. Interestingly, the internal spacers did not 

lead to a strong effect on specificity, though there was a significant difference in DF between the 

short and long spacer targets (Figure 3.3E). Surprisingly, 8T and 8S only beads also showed 

increased binding to the internal spacer-containing targets, potentially due to weak binding 

between S’ and T as well as T’ and S (Figure A3.12). Overall, the investigations into the effect of 

target spacer length revealed that heteroMV hybridization allows binding to two spacer-separated 

regions of a target with increased cooperativity and no loss in specificity compared to a target with 

no spacer. These results will provide guidance in potential designs of proximity or “AND” logic 

gate style-assays as well as in diagnostic assays when it is desirable for the tuning oligo to bind a 

domain (T’) that is not proximal to the SNP site. 

 
 

Figure 3.3. Determining the impact of spacer length on heteroMV hybridization. (a) 

Scheme describing the design of the no spacer target, the internal and terminal short spacer 

targets, and the internal and terminal long spacer targets including the chemical structures of 

the PEG spacer molecules. (b and c) Measured median fluorescence intensity values for 8T-8S 

beads binding the G12C (b) and the WT (c) no spacer, internal short spacer, internal long 

spacer, terminal short spacer, and terminal long spacer targets. (d and e) Measured 

cooperativity factors (d) and discrimination factors (e) for the 8T-8S beads binding the G12C 

target containing no spacer, the internal short spacer, or the internal long spacer. Error bars 

represent standard error of the mean. Values were compared using paired one-way ANOVA 

with multiple comparisons follow-up tests (nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001, 

****P < 0.0001).  
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3.2.4. Determining the Impact of Binding Orientation on HeteroMV Hybridization 

Specificity and Cooperativity 

Due to the antiparallel nature of DNA hybridization, the choice of terminus (5’ or 3’) for 

the anchoring group of the S and T oligos impacts the direction that the oligo binds the target. 

Therefore, based on the terminus used for each anchor, the two oligos can bind the target in a head-

to-tail, head-to-head, or tail-to-tail orientation (Figure 3.4A). In this case, head corresponds to the 

end of the oligo not attached to the particle and tail corresponds to the linker connecting the oligo 

to the particle. To understand how binding orientation can potentially impact the properties of the 

binding interaction, 8T-8S beads that bind in the three different orientations were compared. 

Moreover, to investigate how each orientation is influenced by spacer length, the no spacer, short 

spacer, and long spacer targets were tested with each binding orientation. 

Using the flow cytometry-based binding assay, the MFI of the head-to-tail, head-to-head, 

and tail-to-tail binding 8T-8S beads was measured for each target (Figure 3.4B and 3.4C). When 

binding the G12C no spacer target, significant differences were observed between the three 

binding orientations. Specifically, the head-to-head binding orientation yielded the highest binding, 

while the tail-to-tail orientation resulted in a >3-fold reduction in binding compared to the head-

to-tail orientation. However, when binding the short or long spacer G12C targets, the tail-to-tail 

orientation yielded binding approximately equal to the head-to-tail orientation, while the head-to-

head orientation still offered slight improvements in total binding. Relatedly, the head-to-head 

orientation beads had a significant >2-fold increase in CF relative to the head-to-tail orientation 

beads and a >6-fold increase relative to the tail-to-tail orientation beads when binding the no spacer 

G12C target (Figure 3.4D and 3.4E). Interestingly, the higher average CF for the head-to-head 

orientation was maintained for the spacer-containing targets, though the enhancement was not 
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significant. The results for the WT target echoed those of the G12C target, and as expected, the 

oligo’s anchoring terminus did not have a significant effect on n=1 beads binding the G12C no 

spacer target (Figure A3.13). Overall, these results validate the importance of binding orientation 

in tuning binding affinity and cooperativity.   

Together, these results can be explained by considering the effects of both the spacing 

between segments on the bead surface and the base stacking interactions at the interface of the T-

T’ and S-S’ duplexes. Based on the distance between the T and S oligos on the surface, different 

binding orientations can minimize energetic strain during binding depending on linker length and 

 

Figure 3.4. Determining the impact of binding orientation on heteroMV hybridization 

specificity and cooperativity. (a) Scheme describing n=2 beads with head-to-tail, head-to-

head, or tail-to-tail orientation binding to targets with or without a spacer region. (b) 

Representative histograms for 8T-8S beads with each orientation binding the G12C no spacer, 

short spacer, and long spacer targets. (c) Measured median fluorescence intensity values for 

8T-8S beads with each orientation binding the G12C target with no spacer, short spacer, and 

long spacer targets. (d) Representative histograms for 8T, 8S, and 8T-8S beads with each 

orientation binding the G12C no spacer target. (e) Measured cooperativity factors for 8T-8S 

beads with each orientation binding the G12C no spacer, short spacer, and long spacer targets. 

Error bars represent standard error of the mean. Values were compared using paired one-way 

ANOVA with multiple comparisons follow-up tests (nsP > 0.05, *P < 0.05, ****P < 0.0001). 
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duplex length. For example, if T and S are far apart, then binding the no spacer target in the tail-

to-tail orientation might result in significant strain on the T10 linkers. Moreover, prior studies 

showed that base stacking at a nick site results in strong enthalpic contributions to overall binding 

stability.29-32 This is consistent with the head-to-head orientation yielding the most avid binding as 

it binds with only a nick between the two duplexes. In contrast, in the other orientations, the T10 

linkers likely interfere with this base-stacking interaction and hence reduce binding affinity and 

cooperativity.  

 

3.2.5. Detecting the Cis/Trans Relationship of Two Mutations Using HeteroMV 

Hybridization 

We next tested the modeling prediction that heteroMV binding can be used to distinguish 

cis and trans heterozygous mutations (Figure 3.1F and 3.5A). This challenging task is significant 

in medical diagnostics as the presence of two mutations on the same gene copy can alter protein 

function, while one mutation on each gene copy can yield cells with no functional gene copies.18, 

23-24 Moreover, cis/trans discrimination is significant in genetic counseling in order to track the 

inheritance of mutations.18 As a proof-of-concept, 8 and 9 nt S1 and S2 oligos were designed to 

hybridize in the head-to-tail or head-to-head orientation to a complementary to a 31 nt target 

corresponding to a region of the KRAS gene which contains the G12C mutation (SNP1) in the S1’ 

region and the L19F mutation (SNP2) in the S2’ region (Figure 3.5B and Figure A3.4). Between 

the S1’ and S2’ regions there are 13-15 non-complementary nt (Figure A3.14). L19F is a non-

canonical mutation that has been found to cause increased tumor proliferation and transforming 

potential over WT KRAS.33 We chose to use this mutation in our assay due to its proximity to the  
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Figure 3.5. Detecting the cis/trans relationship of two mutations using heteroMV 

hybridization. (a) Scheme illustrating the use of heteromultivalent DNA-coated beads to 

distinguish the heterozygous cis mutation mixture (red and yellow targets) from the 

heterozygous trans mutations mixture (blue and green targets). Ideally, the double mutant 

target (red) will bind the beads multivalently with high affinity, the single mutant targets (blue 

and green) bind monovalently with low affinity, and the no mutant target (yellow) shows 

negligible binding. (b) Scheme describing the sequence of the binding oligos, identity of the 

two SNPs, and the two binding orientations tested. (c and d) Measured median fluorescence 

intensity values for each bead with head-to-tail orientation (c) or head-to-head orientation (d) 

binding each of the targets or target combinations in the legend. Values were compared using 

paired student t tests (nsP > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001). (e and f) Representative 

histograms for each bead with head-to-tail orientation (e) or head-to-head orientation (f) 

binding the cis or trans target combinations. (g and h) Measured cis/trans discrimination factors 

for each bead with head-to-tail orientation (g) or head-to-head orientation (h). Values were 

compared to baseline value of 1 (dotted black line) using one-sample t tests (nsP > 0.05, *P < 

0.05, **P < 0.01). Error bars represent standard error of the mean. 
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G12C mutation, though we anticipate binding two mutations that are further apart will still be 

effective. 

Using each combination of the binding oligos, 8 heteroMV beads were synthesized and 

flow cytometry was used to measure their binding to 1 nM of the four targets, as well as to a 0.5 

nM of SNP1/SNP2 + 0.5 nM of WT1/WT2 target mixture (cis) or a 0.5 nM of SNP1/WT2 + 0.5 nM 

of WT1/SNP2 target mixture (trans) (Figure 3.5C, 3.5D, and A3.14). As expected, all the bead 

combinations bound the SNP1/SNP2 target with the greatest affinity and the WT1/WT2 target with 

the weakest affinity. Moreover, the 9S1-8S2 beads with either binding orientation had weak and 

approximately equal binding to both single mutant targets while showing strong binding to the 

SNP1/SNP2 target, yielding DF values ~10 for both mutations. Due to this specificity for both 

mutations and strong binding cooperativity, both the head-to-tail and head-to-head 9S1-8S2 beads 

bound the cis target combination significantly more than the trans with DFcis/trans values of 4.7 and 

8.4, respectively (Figure 3.5E-H). Interestingly, beads containing the 8S2 oligo showed stronger 

binding to the SNP1/SNP2 target and higher DFcis/trans values when binding in the head-to-head 

instead of head-to-tail orientation. Alternatively, beads containing the 9S2 oligo bound the 

SNP1/SNP2 and WT1/SNP2 targets similarly, resulting in poor specificity for SNP1, and had similar 

DFcis/trans values in both orientations. This suggests that the 9S2 oligo’s affinity for the target is too 

high resulting in low cooperativity binding that is not impacted by a mismatch in the S1’ region. 

These results offer further evidence that the head-to-head orientation can yield higher binding, 

particularly when the two immobilized oligos are binding cooperatively. Overall, this screen 

reveals that heteroMV hybridization enables strong discrimination between cis and trans 

heterozygous mutations and demonstrates the importance of precisely tuned binding specificity 



111 
 

and cooperativity. This result is important as it establishes a hybridization-based approach to 

distinguish cis/trans mutations without using enzymes or magnetic separation techniques.24, 34-36 

 

3.2.6. Distinguishing Different Strains of SARS-CoV-2 Using HeteroMV Hybridization 

We next tested our hypothesis that heteroMV hybridization could lead to dramatic 

enhancements in specificity for targets containing two mutations (Figure 3.1G). We thus designed 

three model targets corresponding to a 29 nt region of the SARS-CoV-2 spike protein gene that 

contains three mutations (Q498R, N501Y, AND Y505H) in the omicron strain, one mutation in 

the alpha strain (N501Y), and no mutations in the original strain (Figure 3.6A). To hybridize 

specifically to the omicron strain, two S1 (8S1 and 9S1) and two S2 (8S2 and 9S2) oligos, 

complementary to the Q498R site and the Y505H site respectively, were designed so that neither 

overlap with the N501Y mutation shared by the alpha strain (Figure 3.6B). Using these oligos, 

four n=2 beads were synthesized that bound the target in the head-to-head orientation with an 11-

13 nt spacer region (Figure A3.15). As a negative control, n=1 beads functionalized with a 29 nt 

oligo that is perfectly complementary to the omicron target were also tested (Figure 3.6B). Flow 

cytometry was then performed for each bead when binding the three targets. The results showed 

that each of the n=2 beads tested bound to the omicron target with similarly high affinity and 

showed minimal binding to the alpha and original targets (Figure A3.15). Meanwhile, compared 

to the 8S1-9S2 n=2 beads, the n=1 beads yielded an approximately equal MFI when binding the 

omicron target but bound to significantly more alpha and original targets (Figure 3.6C and 3.6D). 

Significantly, the n=2 beads offered dramatically enhanced specificity for the omicron strain, with 

the 8S1-9S2 combination bead giving a DFSNP1 + SNP2 value of ~800 compared to either of the other 
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targets (Figure 3.6E). The n=1 bead had much lower specificity for the omicron target with DFSNP1 

+ SNP2 values of ~12.  

As the n=1 bead has more total complementarity with the target, it was surprising that the 

n=1 and n=2 beads yielded approximately equal omicron target binding. Potential explanations 

include increased secondary structure, reduced Kon rates, and reduced DNA density for the n=1 

bead as has been previously observed for materials functionalized with longer oligos,37-38 though 

these hypotheses were not tested herein. This highlights a general advantage for heteroMV 

hybridization where each oligo can be shorter in length and therefore less likely to be impacted by 

these issues. Moreover, the stark differences in specificity between the n=1 and n=2 beads would 

 
 

Figure 3.6. Distinguishing different strains of SARS-CoV-2 using heteroMV 

hybridization. (a) Sequences of targets based on the original, alpha, and omicron strains of 

SARS-CoV-2 spike protein, with the mutations in each target indicated with arrows. (b) 

Scheme describing the binding of an n=1 bead functionalized with an oligo that is fully 

complementary to the omicron target and the binding of an n=2 bead functionalized with S1 

and S2 oligos that are complementary to the regions of the target containing the Q498R and 

Y505H mutations but not the N501Y mutation (c-d) Representative histograms (c) and 

measured median fluorescence intensity values (d) for the n=1 and 8S1-9S2 n=2 beads binding 

each target. (e) Measured discrimination factors for the n=1 and 8S1-9S2 n=2 beads binding the 

omicron target vs. the original target or the omicron target vs. the alpha target. Values were 

compared using unpaired student t tests (nsP > 0.05, **P < 0.01, ***P < 0.001). Error bars 

represent standard error of the mean.  
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likely become even greater as the inter-SNP distance increases (Figure 3.1C). In this case, the 

length of the oligo on the n=1 bead would have to become longer to bind to both SNPs, while the 

oligos on the n=2 beads would not need to be altered, and instead potentially exhibit stronger and 

more cooperative binding as shown in Figure 3.4. Interestingly, the DFSNP1 + SNP2 values obtained 

were even higher than predicted (Figure 3.1G), possibly a result of increased secondary structure 

for the original and alpha targets relative to the omicron target (Figure A3.4). This demonstration 

of rapid and effective identification of the strain of model viral targets using heteroMV 

hybridization has the potential to significantly impact the fields of diagnostics, medicine, and 

public health.  

 

3.3. Discussion 

In this report, it was demonstrated that heteromultivalency can be used to precisely tune 

the properties of a binding interaction between a DNA-coated structure and a single stranded 

nucleic acid target. Densely coating a microparticle with two distinct oligonucleotide sequences 

allowed customizable multivalent binding with highly tunable affinity, yielding several important 

capabilities. By first optimizing each oligo’s length, we show that heteroMV binding can control 

binding strength more precisely than monovalent binding, enabling near-maximum discrimination 

of perfect match and mismatch targets. Thus, heteroMV offers an approach to optimizing the 

performance of hybridization-based mutation detection tools while maintaining compatibility with 

multiplex assays. While different mutations and assay conditions will still require optimization of 

the oligo lengths to tune specificity, the results herein will accelerate future screening processes. 

Moreover, heteroMV binding can be combined with other approaches that are commonly used to 
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enhance binding specificity, such as molecular beacon, toehold-mediated hybridization, and 

competition/sink probes.3, 5-8 

In addition to adjusting the oligo length, customizing the spacer length and binding 

orientation allowed demonstration of highly cooperative binding to two unique regions of a target. 

Both parameters are thus critical for applications that necessitate selective hybridization only when 

two receptors are present.21 Enhanced cooperativity was also observed as spacer length increased, 

potentially due to improved ability for a target to reach two adjacent surface oligos. Additionally, 

as the spacer length increases, the target can span longer distances on the particle surface allowing 

access to more copies of each binding oligo. These added binding partners, though spread through 

a larger volume, can result in a higher local concentration of surface-bound oligos.39 This feature 

is unique to heteroMV structures that are densely functionalized, as opposed to a structure that 

presents a single copy of each oligo and thus cannot access additional binding sites despite a longer 

spacer. Cooperative binding was demonstrated with up to 15 nt spacers, though further studies 

with longer spacers would deepen the investigation. Furthermore, when binding the target lacking 

a spacer, a 6-fold increase in cooperativity was observed when head-to-head orientation was used 

instead of tail-to-tail. However, for heteroMV binding where n>2, it is not possible to exclusively 

use the highly cooperative head-to-head orientation. Instead, each adjacent oligo pair must 

alternate between binding in the head-to-head and tail-to-tail orientation or each oligo can be 

anchored through the same terminus, as previously demonstrated.17  

 Through the combined benefits of highly tunable affinity and strong cooperativity despite 

a spacer region in the target, heteroMV binding also resulted in the ability to distinguish 

heterozygous cis and trans mutations. Through optimization, ~8-fold higher binding was observed 

when heteroMV particles were incubated with a mixture of double mutant and non-mutant targets 
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rather than two single mutant targets. Distinguishing between these target mixtures is often 

achieved through costly and lengthy methods involving complex next-gen sequencing assays, 

droplet PCR, or single-molecule dilution.18-19 Alternatively, in monovalent hybridization-based 

assays either one long probe is used to bind both mutations or a distinct probe binds each mutation. 

In the first case, specificity and cooperativity diminish due to excessively strong binding, while in 

the second case each probe binds identically to cis and trans target mixtures.24 For this reason, 

hybridization-based assays typically rely on a second discriminatory step involving enzymes or 

separation techniques.24, 34-35 Finally, heteroMV hybridization enabled ~800-fold higher binding 

when targeting two SNPs unique to the omicron strain of the SARS-CoV-2 genome. Standard 

assays, including rapid antigen tests and PCR do not distinguish different viral strains, and instead 

whole-genome sequencing is performed for strain identification. Thus, the ability to rapidly 

determine the strain of the viral sample potentially offers improved monitoring of viral evolution 

and more complete diagnosis of infections. 

The heteroMV hybridization approach presented herein is compatible with many materials 

used to present oligos in close-proximity, including 1, 2, or 3-dimensional structures. Also, 

functionalizing the material heteromultivalently is straightforward as oligo spatial patterning does 

not significantly impact binding affinity when n is low.17 Moreover, precisely controlling the inter-

oligo distance on the surface is not necessary when target binding regions are further apart as such 

targets can span longer distances without diminished cooperativity. The cooperativity arising from 

heteroMV binding does however depend on the oligos being pre-linked to a scaffold. Alternatively, 

“binary” probes have been described, which rely on monovalent binding of two unlinked oligo 

probes and a separate complex formation step to generate a signal.10, 40 Additionally, DNA origami 

nanoswitches have been engineered to switch to a loop conformation upon heteroMV binding to a 
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target to facilitate detection with gel electrophoresis.22, 41 In this work, fluorophore-labeled targets 

were used to enable a rapid flow cytometry readout but for diagnostic applications requiring 

unlabeled target sensing, an altered readout method is necessary. In many nucleic acid detection 

methods, tunable binding affinity that allows highly specific and cooperative binding is essential, 

and therefore, heteroMV DNA hybridization is a promising method for further advancing 

biomedical sensing and diagnostics. 
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3.4. Materials and Methods 

3.4.1. Oligonucleotides 

All oligonucleotides were custom synthesized by Integrated DNA Technologies (Coralville, IA). 

The table below includes the names and sequences for all oligonucleotides used in this work. 

Table A3.1. List of oligonucleotides used in Chapter 3. 

Name Sequence (5’ to 3’) 

7S /5ThioMC6-D/TTTTTTTTTTACAAGCT 

8S /5ThioMC6-D/TTTTTTTTTTCACAAGCT 

9S /5ThioMC6-D/TTTTTTTTTTCCACAAGCT 

10S /5ThioMC6-D/TTTTTTTTTTGCCACAAGCT 

11S /5ThioMC6-D/TTTTTTTTTTCGCCACAAGCT 

4T /5ThioMC6-D/TTTTTTTTTTCCAA 

5T /5ThioMC6-D/TTTTTTTTTTCCAAC 

6T /5ThioMC6-D/TTTTTTTTTTCCAACT 

7T /5ThioMC6-D/TTTTTTTTTTCCAACTA 

8T /5ThioMC6-D/TTTTTTTTTTCCAACTAC 

9T /5ThioMC6-D/TTTTTTTTTTCCAACTACC 

10T /5ThioMC6-D/TTTTTTTTTTCCAACTACCA 

no spacer G12C TGGTAGTTGGAGCTTGTGGCGTAGG/3AmMO/ 

no spacer WT TGGTAGTTGGAGCTGGTGGCGTAGG/3AmMO/ 

internal short spacer 

G12C 

TGGTAGTTGG/iSp9/AGCTTGTGGCGTAGG/3AmMO/ 

internal short spacer WT TGGTAGTTGG/iSp9/AGCTGGTGGCGTAGG/3AmMO/ 

internal long spacer G12C TGGTAGTTGG/iSp18/AGCTTGTGGCGTAGG/3AmMO/ 

internal long spacer WT TGGTAGTTGG/iSp18/AGCTGGTGGCGTAGG/3AmMO/ 

terminal short spacer 

G12C 

/5Sp9/TGGTAGTTGGAGCTTGTGGCGTAGG/3AmMO/ 

terminal short spacer WT /5Sp9/TGGTAGTTGGAGCTGGTGGCGTAGG/3AmMO/ 

terminal long spacer 

G12C 

/5Sp18/TGGTAGTTGGAGCTTGTGGCGTAGG/3AmMO/ 

terminal long spacer WT /5Sp18/TGGTAGTTGGAGCTGGTGGCGTAGG/3AmMO/ 

3’ thiol 8T CCAACTACTTTTTTTTTT/3ThioMC3-D/ 

3’ thiol 8S CACAAGCTTTTTTTTTTT/3ThioMC3-D/ 

3’ thiol 9S CCACAAGCTTTTTTTTTTT/3ThioMC3-D/ 

5’ thiol 8S L19F /5ThioMC6-D/TTTTTTTTTTCGTGAAGG 

5’ thiol 9S L19F /5ThioMC6-D/TTTTTTTTTTCGTGAAGGC 

G12C/L19F AGCTTGTGGCGTAGGCAAGAGTGCCTTCACG/3AmMO/ 

WT/L19F AGCTGGTGGCGTAGGCAAGAGTGCCTTCACG/3AmMO/ 

G12C/WT AGCTTGTGGCGTAGGCAAGAGTGCCTTGACG/3AmMO/ 

WT/WT AGCTGGTGGCGTAGGCAAGAGTGCCTTGACG/3AmMO/ 
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8S Q498R GGTCGGAATTTTTTTTTT/3ThioMC3-D/ 

9S Q498R GGGTCGGAATTTTTTTTTT/3ThioMC3-D/ 

8S Y505H /5ThioMC6-D/TTTTTTTTTTTGGTGACC 

9S Y505H /5ThioMC6-D/TTTTTTTTTTTGGTGACCA 

complement to omicron 

target 

/5ThioMC6D/TTTTTTTTTTTGGTGACCAACACCATAAGT

GGGTCGGAA 

Q498R/N501Y/Y505H 

target (Omicron) 

TTCCGACCCACTTATGGTGTTGGTCACCA/3AmMO/ 

WT/WT/WT target 

(Original) 

TTCCAACCCACTAATGGTGTTGGTTACCA/3AmMO/ 

WT/N501Y/WT target 

(Alpha) 

TTCCAACCCACTTATGGTGTTGGTTACCA/3AmMO/ 

 

The structures of each of the oligonucleotide modifications in Table A3.1 are included below. 

 

 

3.4.2. Reagents 

5 µm aminated silica beads (Cat# SA06N) were purchased from Bangs Laboratory (Fishers, IN). 

Dri-solv methylsulfoxide (Cat# MX1457-7) was purchased from EMD Millipore (Burlington, 

MA). Potassium hydroxide (Cat# 221473), sodium bicarbonate (Cat#S6014), acetonitrile (Cat# 

34998), and Atto647N NHS ester (Cat#18373-1MG-F) were purchased from Sigma-Aldrich (St. 

Louis, MO). 20x TE buffer (Cat# 42020325-2) was purchased from bioWORLD (Dublin, OH). 

Bond-Breaker TCEP (Tris(2-carboxyethyl)phosphine hydrochloride) solution, Neutral pH 

(Cat#77720), Quant-IT Oligreen ssDNA reagent (Cat# O7582), SMCC (succinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate) (Cat#22360), sulfo-NHS-acetate (Cat#26777), and 

Tween20 (Cat# BP337) were purchased from Thermo Fisher Scientific (Waltham, MA). Saline 
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sodium citrate (SSC) buffer (Cat# AM9763) was purchased from Ambion (Austin, TX). 

Triethylammonium acetate (Cat# 60-4110-57) was purchased from Glen Research (Sterling, VA).  

 

3.4.3. Consumables 

96-well white flat bottom polystyrene microplates (Cat# 3912) were purchased from Corning 

(Corning, NY). P2 size exclusion gel (Cat#1504118) and P4 size exclusion gel (Cat# #1504124) 

was purchased from Bio-Rad (Hercules, CA). Nanosep MF centrifugal devices (Cat# ODM02C35) 

were purchased from Pall Laboratory. 

 

3.4.4. Equipment 

The major equipment that was used in this study includes: CytoFLEX flow cytometer (Beckman 

coulter), Nanodrop 2000 UV-Vis Spectrophotometer (Thermo Scientific), Barnstead nanopure 

water purifying system (Thermo Fisher), 5424 R centrifuge (Eppendorf), Synergy H1 plate reader 

(Biotek), high-performance liquid chromatography 1100 (Agilent) with AdvanceBio 

Oligonucleotide C18 column (653950-702, 4.6x 150 mm, 2.7 μm) (Agilent), LTQ Orbitrap Velos 

mass spectrometer (Thermo Scientific), Galaxy mini tabletop centrifuge (VWR), Rebel Brightfield 

Microscope (ECHO), and Nikon Ti2-E motorized research microscope equipped with SOLA SE 

II 365 Light Engine, Photometrics Prime 95B-25mm Back-illuminated sCMOS camera, and CF-

L AT Cy5/Alexa 647/Draq 5 filter set.  
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3.4.5. Modeling 

In all modeling calculations herein, ceff = 50 uM, MM = 0.025, and the ratio of consecutive values 

for 𝐾𝑒𝑞 chosen = 20. These values were chosen to most closely reproduce experimental results 

obtained. 

To derive an equation to calculate the equilibrium binding occupancy, 𝜃, of the oligos 

coating the particle surface using the total binding affinity of the target ( 𝐾𝑒𝑞 ), total target 

concentration ([𝑡𝑎𝑟𝑔𝑒𝑡]), and total concentration of oligos on the particle surface ([𝑠𝑢𝑟𝑓𝑎𝑐𝑒]) we 

began with the standard equation for 𝐾𝑒𝑞 : 

𝐾𝑒𝑞 =  
[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑏𝑜𝑢𝑛𝑑]

[𝑡𝑎𝑟𝑔𝑒𝑡𝑢𝑛𝑏𝑜𝑢𝑛𝑑][𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑]
 

This equation is then rearranged into the following form: 

𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡𝑢𝑛𝑏𝑜𝑢𝑛𝑑] =  
[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑏𝑜𝑢𝑛𝑑]

[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑]
 

[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑏𝑜𝑢𝑛𝑑] is then replaced with [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑] to give the following 

equation: 

𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡𝑢𝑛𝑏𝑜𝑢𝑛𝑑] =  
[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑] 

[𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑]
 

As [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑡𝑜𝑡𝑎𝑙] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑] =  𝜃  and [𝑠𝑢𝑟𝑓𝑎𝑐𝑒𝑢𝑛𝑏𝑜𝑢𝑛𝑑] = 1 − 𝜃 , the following 

equation is then derived. 

𝜃

1 −  𝜃
= 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡𝑢𝑛𝑏𝑜𝑢𝑛𝑑]  

In order to solve for 𝜃 using only 𝐾𝑒𝑞 , [𝑡𝑎𝑟𝑔𝑒𝑡]  , and [𝑡𝑎𝑟𝑔𝑒𝑡𝑏𝑜𝑢𝑛𝑑] , [𝑡𝑎𝑟𝑔𝑒𝑡𝑢𝑛𝑏𝑜𝑢𝑛𝑑] is first 

replaced with [𝑡𝑎𝑟𝑔𝑒𝑡] − [𝑡𝑎𝑟𝑔𝑒𝑡𝑏𝑜𝑢𝑛𝑑]: 

 
𝜃

1 −  𝜃
= 𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] − [𝑡𝑎𝑟𝑔𝑒𝑡𝑏𝑜𝑢𝑛𝑑]) 

[𝑡𝑎𝑟𝑔𝑒𝑡𝑏𝑜𝑢𝑛𝑑] is replaced with [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃 to give the following equation: 
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𝜃

1 −  𝜃
= 𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃) 

This equation is then rearranged into a quadratic form (𝜃 = 𝑎𝜃2 + 𝑏𝜃 + 𝑐) as follows: 

𝜃 = (1 − 𝜃)(𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] − 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃) 

𝜃 = 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃2 − 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡]𝜃 − 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃 + 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡] 

0 = 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃2 − 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡]𝜃 − 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃 − 𝜃 + 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡] 

0 = 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]𝜃2 + (−𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]) − 1)𝜃 + 𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡] 

The equation is then solved for 𝜃 using the quadratic formula: 

𝜃 =
−𝑏 ± √𝑏2 − 4𝑎𝑐

2𝑎
  

Where 𝑎 = 𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]  ,  𝑏 = −𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] − [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]) − 1  , and  𝑐 =  𝐾𝑒𝑞[𝑡𝑎𝑟𝑔𝑒𝑡] , 

giving the final equation for 𝜃: 

𝜃 =
𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] + [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]) + 1 ± √(𝐾𝑒𝑞([𝑡𝑎𝑟𝑔𝑒𝑡] + [𝑠𝑢𝑟𝑓𝑎𝑐𝑒]) + 1)2 − 4𝐾𝑒𝑞

2[𝑠𝑢𝑟𝑓𝑎𝑐𝑒][𝑡𝑎𝑟𝑔𝑒𝑡]

2𝐾𝑒𝑞[𝑠𝑢𝑟𝑓𝑎𝑐𝑒]
 

where the correct value of 𝜃 is equal to the root given by subtracting the quadratic portion. For the 

results shown in Figure 3.1D, E, and G, [𝑡𝑎𝑟𝑔𝑒𝑡] = 1 nM and [𝑠𝑢𝑟𝑓𝑎𝑐𝑒] = 1 nM, and thus the 

following simplifications can be made: 

𝜃 =
2𝐾𝑒𝑞 + 1 ± √(2𝐾𝑒𝑞 + 1)2 − 4𝐾𝑒𝑞

2

2𝐾𝑒𝑞

 

𝜃 =
1

2𝐾𝑒𝑞

+ 1 ±
√4𝐾𝑒𝑞

2 + 4𝐾𝑒𝑞 + 1 − 4𝐾𝑒𝑞
2

2𝐾𝑒𝑞

 

𝜃 =
1

2𝐾𝑒𝑞

+ 1 ±
√4𝐾𝑒𝑞 + 1

2𝐾𝑒𝑞

 

For the results shown in Figure 3.1F, [𝑡𝑎𝑟𝑔𝑒𝑡1] = 0.5 nM and [𝑡𝑎𝑟𝑔𝑒𝑡2] = 0.5 nM. Therefore, 

values of 𝜃 for 𝑡𝑎𝑟𝑔𝑒𝑡1 and for 𝑡𝑎𝑟𝑔𝑒𝑡2 are calculated and then summed to calculate total 𝜃. 

Finally, 𝜃 was converted to an arbitrary assay signal, I, using the equation: 
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I = Imax *  + Ibg 

where Imax represents the maximum signal and Ibg is the background signal when target 

concentration = 0. In all modeling calculations herein, Imax = 250000 and Ibg = 58. 

 The 10 possible sequence pairs when considering two mutations (SNP1 and SNP2) on two 

gene copies (𝑡𝑎𝑟𝑔𝑒𝑡1 and 𝑡𝑎𝑟𝑔𝑒𝑡2) are as follows: 

1. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = SNP1/SNP2 (homozygous double, SNP1 and SNP2) 

2. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = SNP1/WT2  

3. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/SNP2 

4. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/WT2 (heterozygous cis) 

5. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/WT2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = SNP1/WT2 (homozygous single, SNP1) 

6. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/WT2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/SNP2 (heterozygous trans) 

7. 𝑡𝑎𝑟𝑔𝑒𝑡1 = SNP1/WT2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/WT2 

8. 𝑡𝑎𝑟𝑔𝑒𝑡1 = WT1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/SNP2 (homozygous single, SNP2) 

9. 𝑡𝑎𝑟𝑔𝑒𝑡1 = WT1/SNP2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/WT2 

10. 𝑡𝑎𝑟𝑔𝑒𝑡1 = WT1/WT2 and 𝑡𝑎𝑟𝑔𝑒𝑡2 = WT1/WT2 (wildtype) 

The equations for total binding affinity to the SNP1/SNP2, SNP1/WT2, WT1/SNP2, and WT1/WT2 

targets can be described as:  

Total Keq, SNP1/SNP2 = Keq, S1 + Keq, S2 + Keq, S1 * Keq, S2 * ceff 

Total Keq, SNP1/WT2 = Keq, S1 + MM2 * Keq, S2 + Keq, S1 * MM2 * Keq, S2 * ceff 

Total Keq, WT1/SNP2 = MM1 * Keq, S1 + Keq, S2 + MM1 * Keq, S1 * Keq, S2 * ceff 

Total Keq, WT1/WT2 = MM1 * Keq, S1 + MM2 * Keq, S2 + MM1 * Keq, S1 * MM2 * Keq,S2 * ceff 

where MM1 corresponds to a mismatch in S1’ and MM2 corresponds to a mismatch in S2’.  

 

3.4.6. Synthesis of DNA-Functionalized Silica Particles 

5 µm amine-modified silica particles were suspended in DMSO at a concentration of ~4.4x105 

particles/µL. A 100 mg/mL stock of SMCC was then prepared in DMSO and added at a final 
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concentration of 10 mg/mL to a solution of 4x104 particles/µL suspended in DMSO. The reaction 

was then incubated at room temperature for 30 min to prepare maleimide-labeled silica beads. 

During the reaction of SMCC with the amine-modified silica beads, 0.5 µL of 100 µM thiolated 

DNA (1 µM final), 0.5 µL of 10 mM TCEP (100 µM final), and 49 µL of 1x PBS at pH 6.8 were 

mixed and incubated at room temperature for 30 min to 1 hour to reduce the thiolated DNA. The 

maleimide-labeled silica bead solution was then centrifuged on a tabletop mini-centrifuge at 6000 

rpm for 1 min and the supernatant was removed and replaced with an equal volume of a 1 mg/mL 

solution of sulfo-NHS acetate dissolved in DMSO. The reaction was then incubated at room 

temperature for 30 min to prepare passivated, maleimide-labeled silica beads. Following the 30 

min incubation, centrifugation and supernatant removal was performed 4 times. After each of the 

first three centrifugations, the beads were resuspended in a 2x volume of DMSO. Following the 

third resuspension, the beads were split into 50 µL aliquots and then centrifuged for the 4th time. 

After the 4th centrifugation, the supernatant was removed and replaced with the 50 µL solution of 

1 µM reduced thiol-DNA and incubated at room temperature overnight or > 8 hours. For n=2 beads, 

a pre-mixed solution containing 500 nM of each oligo was added, resulting in a total concentration 

of 1 µM of DNA. Following incubation, 50 µL of 1x SSC, 0.1% Tween20 was added to each tube 

to help with centrifugation. Next, centrifugation and supernatant removal was performed 4 times. 

After each of the first three centrifugations, the beads were resuspended in 100 µL of 1x SSC, 0.1% 

Tween20. After the fourth centrifugation, the beads were resuspended in 1 mL of 1x SSC, 0.1% 

Tween20. 
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3.4.7. Determining Number of Oligos Per Silica Particle 

The approximate concentration of the DNA-coated bead stocks was approximated using four 

representative stock solutions using a hemacytometer. Then, two volumes containing ~1x105 or 

~1.75x105 beads were taken from the four different DNA-coated bead stocks. Centrifugation at 

6000 rpm with the tabletop mini-centrifuge and supernatant removal were then performed for each 

sample, followed by resuspension of the beads in 100 µL of 0.1 M KOH. The beads were incubated 

in the KOH solution at room temperature for > 8 hrs. Brightfield microscopy images before and 

after KOH incubation were obtained using the Rebel Brightfield Microscope (Echo). The bead 

solution was then centrifuged again, and the supernatant was removed in added to a new tube. The 

centrifuged bead solution was resuspended in 1x SSC, 0.1% Tween20 and analyzed using flow 

cytometry to confirm that the beads were etched/dissolved fully. The tube containing the removed 

supernatant was then filtered using P2 gel filtration to remove KOH from the solution. 20x TE 

buffer was then added to the solution to give a final 1x concentration of TE buffer. Samples were 

then transferred to a 96 well plate. Oligreen was then added to the solution at a final concentration 

of 1x and incubated for ~5 min at room temperature before the fluorescence was measured using 

the Biotek plate reader. To generate a standard curve of fluorescence vs. [DNA], 0, 5, 10, 20, 35, 

and 50 nM solutions of unreduced thiol DNA were prepared and incubated in a solution of 0.1 M 

KOH for > 1 hr. Following KOH incubation, the DNA solution was filtered using P2 gel filtration 

to remove KOH from the solution. 20x TE buffer was then added to the solution to give a final 1x 

concentration of TE buffer. Samples were then transferred to a 96 well plate. Oligreen was then 

added to the solution at a final concentration of 1x and incubated for ~5 min at room temperature 

before the fluorescence was measured using the Biotek plate reader. Using the standard curve, the 
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concentration of DNA in the bead samples was determined and then divided by initial bead 

concentration to determine the number of oligos per silica bead. 

 

3.4.8. Atto647N Conjugation to Target Strands 

Excess NHS-Atto647N (250 μg) was dissolved in 10 L of fresh DMSO and then added to 10 

nmol of amine-labeled target strands in 1x PBS with 0.1 M NaHCO3. The reaction was left for > 

1 hour at room temperature. After incubation, unreacted NHS-Atto647N and salts were removed 

by P2 or P4 gel filtration and purified using an analytical-scale reverse-phase HPLC with an 

Agilent AdvanceBio Oligonucleotide C18 column. Product was eluted in Solvents A: 0.1 M TEAA 

and B: ACN with a linear gradient of 10-100% Solvent B over 45 min at 0.5 mL/min flow rate. 

The molecular weight of the products was evaluated with an electron spray ionization (ESI) 

method using a Thermo Fisher Scientific Orbitrap. The samples were prepared in a mixture of 70% 

nanopure water and 30% acetonitrile containing 10 µM ethylenediaminetetraacetic acid (EDTA), 

0.0375% triethylamine, and 0.75% of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and the spectra 

were recorded with negative charge mode eluted with the same solution.42 The main peak of the 

obtained ESI-MS spectrum (m/z) was then deconvoluted to obtain the average molecular weight 

for the oligonucleotides. The concentration of the strands was determined by UV-Vis using a 

Nanodrop instrument. 

 

3.4.9. Flow Cytometry Assay and Analysis to Measure Target Binding 

1 nM Atto647N-labeled target was added to ~2.5 x 104 DNA-coated silica beads suspended in 1x 

SSC, 0.1% Tween20 and incubated at room temperature for 1 hour. Following the 1 hour 

incubation, centrifugation at 6000 rpm with the tabletop mini-centrifuge and supernatant removal 
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was performed 4 times. After each of the four centrifugations, the beads were resuspended in 100 

µL of 1x SSC, 0.1% Tween20. Fully washed beads were then injected into the flow cytometer for 

final analysis. After performing flow cytometry, FlowJo V10 was used to analyze the data. Singlet 

beads were isolated from the sample by gating first using forward scatter and side scatter area and 

second using forward and side scatter height. The median fluorescence intensity of the singlet 

beads from each sample was then calculated. 

 

3.4.10. Fluorescence Microscopy of Atto647N-Labeled Targets Hybridized to Beads 

Wells in a glass bottom 96-well plate were soaked in ethanol for 5 min, rinsed with Nanopure 

water, and coated in 10% BSA for 15 min and rinsed again prior to imaging. 0 or 1 nM Atto647N-

labeled target was added to ~2.5 x 104 DNA-coated silica beads suspended in 1x SSC, 0.1% 

Tween20 and incubated at room temperature for >1 hour. Following the incubation, centrifugation 

at 6000 rpm with the tabletop mini-centrifuge and supernatant removal was performed 4 times. 

After each of the four centrifugations, the beads were resuspended in 100 µL of 1x SSC, 0.1% 

Tween20. Fully washed beads were then added to the 96-well microscopy plate and imaged on the 

fluorescence microscope. Brightfield images were obtained and Atto647N images were acquired 

using a Cy5 cube. Images were processed using Fiji ImageJ software. 
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3.5. Appendix 

 

Figure A3.1. Modeling the specificity of homoMV particles for single mutant targets. (a) 

Scheme showing binding pathway of a homoMV particle binding either a SNP-containing target 

or a WT target and modification of binding affinity equation with MM factor. (b) Predicted 

arbitrary signals when a homoMV particle with different affinities binds the SNP target or the WT 

target. (c) Predicted discrimination factors for a homoMV particle with different affinities. Red 

dots correspond to discrimination factors for six values of Keq chosen to mimic a series of oligos 

of length x, x + 1, … , x + 5 nt. The black dashed curve was generated by fitting the predicted 

values to a gaussian distribution in GraphPad. 
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Figure A3.2. Modeling the specificity of heteroMV particles for single mutant targets. (a) 

Scheme showing the two-step reversible binding pathway of an n=2 heteroMV particle binding 

either a SNP-containing target or a WT target and corresponding equations used to model the 

binding affinity to each target. (b and c) Heatmap showing the predicted arbitrary signals when 

binding the SNP target (b) or WT target (c) as the monovalent binding affinities of the S and the 

R oligo are varied. (d) Predicted discrimination factors for an n=2 heteroMV particle as the affinity 

of R (Keq, R only) is increased (different colors) causing the total affinity for the SNP target (Keq, S + 

R, SNP) to increase (x-axis) for each discrete value of Keq, S only chosen (same color dots). The curves 

were generated by fitting the predicted values to a gaussian distribution in GraphPad. (e) The 

maximum DF value predicted from the curve in (d) for each discrete value of Keq, R only. (f) Heatmap 

showing the predicted discrimination factor when the monovalent binding affinities of the S and 

the T oligo are varied. Black boxes indicate the n=1 and n=2 combination with the highest 

discrimination factors. (g) Heatmap showing the predicted cooperativity factor when the 

monovalent binding affinities of the S and the T oligo are varied. Black box indicates the n=2 

combination with the highest cooperativity factor.  
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Figure A3.3. Modeling the specificity of heteroMV particles for double mutant targets. (a) 

Scheme showing the two-step reversible binding pathway of an n=2 heteroMV particle binding 

either a double mutant target or a double WT target and corresponding equations used to model 

the binding affinity to each target. (b) Heatmap showing the predicted cis/trans discrimination 

factor when the monovalent binding affinities of the S1 and the S2 oligo are varied. Black box 

indicates the n=2 combination with the highest predicted cis/trans discrimination factor. (c) 

Heatmap showing the predicted double mutant discrimination factor when the monovalent binding 

affinities of the S1 and the S2 oligo are varied. Black box indicates the n=2 combination with the 

highest predicted double mutant discrimination factor. 
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Figure A3.4. Description of targets and Nupack predictions of target secondary structure. (a) 

Scheme describing the DNA sequence (NCBI Reference Sequence: NG_007524.2) and amino acid 

sequence (NCBI Reference Sequence: NP_001356715.1) of the first 20 amino acids of human 

KRAS protein. The location of the no spacer targets used in this work are shown in red, with the 

G12C mutated codon shown in blue. (b and c) Predictions for the secondary structures of the no 

spacer G12C (b) and WT (c) targets generated using Nupack. In the illustration on the left, the 

circle color of each nucleotide refers to the identity of each nucleotide base. In the illustration on 

the right, the circle color or each nucleotide refers to the probability that each nucleotide is bound 

at equilibrium if it is shown bound or unbound if it is shown unbound. The black arrows refer to 

the position of the G12C mutation in the target sequence. (d) The location of the G12C/L19F 

targets used in this work are shown in red, with the G12C and L19F mutated codons shown in blue. 

(e, f, g, and h) Predictions for the secondary structures of the G12C/L19F (e), WT/L19F (f), 

G12C/WT (g), and WT/WT (h) targets generated using Nupack. The black arrows refer to the 

position of the G12C and L19F mutations in the target sequence. (i) Scheme describing the DNA 

sequence (NCBI Reference Sequence: NC_045512.2) and amino acid sequence (NCBI Reference 

Sequence: YP_009724390.1) of amino acids 497-506 of SARS-CoV-2 spike protein. The location 

of the Omicron/Wuhan/Alpha targets used in this work are shown in red, with the Q498R, N501Y, 

and Y505H mutated codons shown in blue. (j, k, l) Predictions for the secondary structures of the 

Omicron (j), Wuhan (k), and Alpha (l) targets generated using Nupack. The black arrows refer to 

the position of the Q498R, N501Y, and Y505 mutations in the target sequence. All predictions 

were performed at 0.15 M Na+, 0 M Mg2+, and 22°C. 
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Figure A3.5. Synthesis and purification of Atto647N-labeled targets. (a) Reaction scheme for 

conjugation of amine-modified oligonucleotides with NHS-Atto647N. (b) HPLC traces of the 

Atto647N-labeled targets. Arrows represent the material collected from HPLC. 
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Figure A3.6. Mass spectrometry characterization of Atto647N-labeled targets. (a) Table of 

calculated masses, measured m/z values found, and difference in mass between calculated and 

measured masses of Atto647N-labeled targets. (b) Raw ESI mass spectra of Atto647N-labeled 

targets. 
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Figure A3.7. Synthesis of DNA-functionalized silica particles. Scheme describing the synthesis 

of DNA-coated silica particles. On top is a simplified summary of the synthesis, whereas the boxes 

on the bottom provide further synthetic details and structures of the reagents used. Refer to 

methods section “Synthesis of DNA-coated silica particles” for a complete description of the 

synthesis. 
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Figure A3.8. Characterization of DNA-functionalized silica particles. (a) Brightfield 

microscopy images of 5 µm silica beads incubated in 0 M or 0.1 M KOH overnight. (b) Oligreen 

fluorescence intensity after incubation of 0 or 100 nM of a 20 nt oligo in 0 or 0.1 M KOH for ~6 

hours. Following incubation, each sample was split into two tubes, and then Oligreen was added 

directly to the first tube and added following P2 gel filtration to the second tube. The plot shows 

that the presence of KOH in solution inhibits Oligreen fluorescence and that removing KOH using 

a P2 gel before adding Oligreen enables strong Oligreen fluorescence, though some DNA may be 

lost during filtration. (c) Flow cytometry plot showing side scatter vs forward scatter area of DNA-

coated 5 µm silica beads after incubation in 0.1 M KOH for 0, 1, 4, or 8 hrs. The plot shows that 

over time, the bead size is reduced and the bead structure is damaged following KOH incubation, 

suggesting that the DNA has been released from the bead surface. (d) Oligreen fluorescence 

intensity following incubation of beads in 0.1 M KOH for 0, 1, 4, 8, or 24 hrs, followed by P2 gel 

filtration. The plot indicates that all of the DNA has been released from the beads after ~8 hrs. (e) 

Scheme showing the finalized assay for quantifying the density of the DNA on the silica beads 

using the Oligreen reagent. (f)  Standard curves of Oligreen fluorescence intensity vs [DNA] from 

different concentrations of 4 different oligo mixtures. (g) Table showing the # of beads, the 

measured [DNA], DNA/µm2 on the bead surface, and the calculated distance between each oligo 

on the bead surface. (h) Roughly-to-scale illustration of a 6R-10S bead binding the no spacer G12C 

target based on the DNA density measurements and literature values for single stranded and double 

stranded DNA lengths.  
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Figure A3.9. Flow cytometry gating strategy to isolate singlet beads for analysis. (a) For each 

sample, all events are first plotted on a side scatter area vs forward scatter area plot and a “singlets 

area” gate is a drawn to approximately include just the singlet bead population. (b) The cells 

included in the “singlets area” gate are then plotted on a side scatter height vs forward scatter 

height plot and a second gate, the “singlets height” gate, is drawn to more accurately include just 

the singlet bead population. The cells included in the “singlets height” gate are then used as the 

final singlet bead population shown in the representative histograms and from which the median 

fluorescence intensity values were calculated. 
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Figure A3.10. Representative histograms for all bead combinations binding the no spacer 

targets. (a and b) Representative histograms for all bead combinations binding the no spacer G12C 

target (a) and WT target (b) with one plot for each heatmap column from Figures 3.2C and 3.2D. 
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Figure A3.11. Fluorescence microscopy images of beads hybridized to target. Brightfield and 

fluorescence microscopy images of full-length complement beads hybridized to 1 nM of 

Atto647N-labeled omicron target or no target.  
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Figure A3.12. Impact of spacer length and type on binding of 8T, 8S, and 8T-8S beads. (a) 

Representative histograms for the 8T-8S beads binding the WT or G12C version of each of the 

different spacer length and spacer type targets. (b) Representative histograms for the 8T, 8S, and 

8T-8S beads binding the G12C version of each of the different spacer length and spacer type targets. 

(c and d) A simplified hypothetical illustration showing the 8T (c) and 8S (d) beads binding 

multivalently to an internal spacer-containing target. (e and f) Scheme showing the possible base 

pairs formed for the 8T bead binding multivalently to the target (e) and the 8S bead binding 

multivalently to the target (f). (g-j) Measured median fluorescence intensity values for the 8T (g 

and i) and 8S (h and j) beads binding the G12C (g and h) or WT (i and j) version of each of the 

different spacer length and spacer type targets. Error bars represent standard error of the mean. 
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Figure A3.13. Impact of linker orientation on n=1 bead binding and representative 

histograms for n=2 beads binding WT targets. (a) Scheme illustrating the possible binding 

interaction of the 5’ 8T, 3’ 8T, 5’ 8S, and 3’ 8S beads binding the no spacer G12C target 

monovalently. (b) Measured median fluorescence intensity values for the 5’ 8T, 3’ 8T, 5’ 8S, and 

3’ 8S beads binding the no spacer G12C target. (c) Representative histograms for 8T-8S beads 

with head-to-tail, head-to-head, or tail-to-tail orientation binding the WT target with no spacer, 

short spacer, or long spacer. (d) Measured median fluorescence intensity values for 8T-8S beads 

with head-to-tail, head-to-head, or tail-to-tail orientation binding the WT target with no spacer, 

short spacer, or long spacer. (e) Representative histograms for 8T-8S beads with head-to-tail, head-

to-head, or tail-to-tail orientation binding the G12C and WT no spacer targets. (f) Measured 

discrimination factors for 8T-8S beads with head-to-tail, head-to-head, or tail-to-tail orientation 

binding the no spacer, short spacer, or long spacer targets. Error bars represent standard error of 

the mean. Values were compared using paired one-way ANOVA with multiple comparisons 

follow-up tests (nsP > 0.05, *P < 0.05). 
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Figure A3.14. Representative histograms and results for all bead combinations binding the 

SNP1/SNP2, WT1/SNP2, SNP1/WT2, and WT1/WT2 targets. (a and b) Scheme showing the 

sequences, anchor location, and spacer length for each bead combination with the head-to-tail 

orientation (a) or head-to-head orientation (b) and corresponding representative histograms for 

each bead combination binding the SNP1/SNP2, WT1/SNP2, SNP1/WT2, and WT1/WT2 targets. (c 

and d) Measured discrimination factors for SNP1, SNP2, or SNP1 + SNP2 for each bead 

combination with the head-to-tail orientation (c) or head-to-head orientation (d). Error bars 

represent standard error of the mean.  



147 
 

Figure A3.15. Representative histograms and results for all bead combinations binding the 

model SARS-CoV-2 targets. (a-d) Scheme showing the sequences, anchor location, and spacer 

length, and corresponding representative histograms for the 8S1-8S2 (a), 8S1-9S2 (b), 9S1-8S2 (c), 

and 9S1-9S2 (d) beads binding the original, alpha, and omicron strain targets. (e) Measured median 

fluorescence intensity values for each bead combination binding the three targets. (f) Measured 

discrimination factors for the omicron target versus the original or alpha target for each bead 

combination. Error bars represent standard error of the mean. 
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Table A3.2. Average median fluorescence intensity ± standard error of the mean values for 

all bead combinations binding no spacer G12C target. The median fluorescence intensity of 

the no spacer G12C target binding to each bead combination was measured in three independent 

experiments. The table below shows the calculated average and standard error of the mean for the 

three median fluorescence intensity values. 
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Table A3.3. Average median fluorescence intensity ± standard error of the mean values for 

all bead combinations binding no spacer WT target. The median fluorescence intensity of the 

no spacer WT target binding to each bead combination was measured in three independent 

experiments. The table below shows the calculated average and standard error of the mean for the 

three median fluorescence intensity values. 
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Table A3.4. Average discrimination factor ± standard error of the mean values for all bead 

combinations binding no spacer targets. The median fluorescence intensity of the no spacer 

G12C (Table A3.2) and WT (Table A3.3) targets binding to each bead combination was measured 

in three independent experiments. The discrimination factor was calculated for each independent 

replicate by dividing the G12C MFI value by the WT MFI value. The table below shows the 

calculated average and standard error of the mean for the three discrimination factor values. 
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Table A3.5. Average cooperativity factor ± standard error of the mean values for all bead 

combinations binding no spacer G12C target. The median fluorescence intensity of the no 

spacer G12C (Table A3.2) target binding to each bead combination was measured in three 

independent experiments. The average cooperativity factor was calculated by dividing the average 

n=2 MFI by the average of the average corresponding n=1 MFIs. The standard error of the mean 

was calculated by propagating the SEMs from the three independent MFI measurements for the 

n=2 beads and the n=1 beads. The table below shows the calculated average and standard error of 

the mean cooperativity factor. 
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4.1. Summary 

This dissertation began with an overview of multivalent DNA hybridization, including the 

fundamental parameters that dictate a successful multivalent interaction and the applications 

enabled by this concept in the fields of artificial motors, sensing, and biological investigations. To 

further apply multivalent hybridization towards improving the sensitivity and specificity of 

binding to single-stranded (ss) nucleic acid targets, we asked whether heteromultivalent 

(heteroMV) DNA-functionalized structures could hybridize to such targets multivalently with 

improved binding properties. We hypothesized that engineering heteroMV structures would offer 

important advantages in applications such as gene regulation, genetic diagnostics, and broadly in 

nanotechnology. 

 Based on this question and hypothesis, Chapter 2 described how we functionalized gold 

nanoparticles (AuNP) with a heteroMV display of up to six unique DNA oligonucleotide 

sequences and characterized the properties of their multivalent binding to a ~90 nucleotide ssDNA 

target. This work began by measuring the melting temperature of the target when it bound to 

particles that presented a random arrangement of many copies of 1-6 unique DNA sequences (n). 

We observed increasing melting temperatures as n increased initially, followed by a plateau and 

subsequent decrease in Tm as n increased further. We hypothesized that the random arrangement 

of the sequences limited the overall binding valency and Tm increase. To further increase the 

overall binding avidity of the heteroMV particles, we developed a DNA-templating method to 

control the relative position of each unique oligo sequence on the particle, yielding patterned 

heteroMV particles. Using the van’t Hoff relationship we further quantified the thermodynamic 

parameters of the pattered particles and compared them to particles with random oligo arrangement. 

Significantly, we found that n=6 patterned particles bound the target with an ~15 order-of-
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magnitude higher binding avidity than n=6 random particles. Moreover, based on mathematical 

modeling and experimental results, we concluded that when n is lower the spatial arrangement of 

the oligos on the particle is less significant and that random particles should still effectively bind 

multivalently. 

 Continuing our investigation into multivalent DNA hybridization, Chapter 3 presented 

our findings regarding the specificity and cooperativity of heteroMV binding. In this work, we 

explored the design of heteroMV particles that bivalently bound to targets that contained 1 or 2 

single nucleotide polymorphisms (SNPs). Through modeling, we predicted that tuning the affinity 

of the two oligos would impact the ability of the particles to detect the presence of a single mutation, 

to only bind when both ligand-receptor pairs are hybridizing cooperatively, or to bind specifically 

to targets when two mutations are present. To support these findings with experimental data, we 

synthesized DNA-functionalized 5 µm silica particles and measured relative binding of each 

particle-target combination using flow cytometry. We found that hetero-bivalent binding can be 

used to precisely tune discrimination for a single SNP when a short, 5 nt tuning oligo accompanies 

a 9 nt SNP-binding oligo on the particle and to enable highly cooperative binding when a pair of 

8 nt oligos are used. Furthermore, we investigated how increasing the distance between the two 

target binding regions would impact the binding properties. These experiments demonstrated that 

heteroMV hybridization binding cooperativity can actually be enhanced when spacers are added 

to the target. We hypothesize that is likely due to the target being able to access more ligands on 

the particle surface, thus increasing the effective concentration. It was also identified that altering 

the relative binding orientation of the two oligos immobilized on the particle can further tune 

binding affinity and cooperativity. Ultimately, we revealed that heteroMV binding can be used to 

detect the presence of two mutations on a single target, even when separated by over 20 nt. This 
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finding suggests that heteroMV hybridization has significant potential in diagnostics as it offers 

the ability to determine if two heterozygous mutations are in the cis or trans orientation and to 

improve detection of rapidly mutating viral strains. 

 Overall, the experimental findings presented in this dissertation provide a useful guide for 

future efforts to design DNA-functionalized structures that hybridize heteromultivalently to single-

stranded nucleic acid targets. Several important capabilities of heteroMV-hybridizing particles 

were also described. For example, heteroMV particles can bind to long targets with enhanced 

avidity through avoiding the harmful effects of ligand secondary structure formation and without 

increasing the size of the particle. Moreover, heteroMV particles can bind with highly tunable 

affinity, resulting in high binding specificity and cooperativity, to any biologically relevant target. 

Due to these capabilities, we envision that heteroMV DNA hybridization has many promising 

applications in therapeutics, diagnostics, and throughout the field of nanotechnology. 

 

4.2. Future Outlook for Multivalent DNA Hybridization 

4.2.1. Further Applications for Multivalent DNA Hybridization in Diagnostics 

 

All the work described in Chapters 2 and 3 involved measuring binding of fluorophore-

labeled synthetic target oligonucleotides. However, to apply multivalent DNA hybridization in 

diagnostics, it will be necessary to establish a sensitive readout method to allow detection of 

unlabeled biological targets. For this purpose, we have tested several techniques thus far. The 

simplest approach that we have explored is to use DNA intercalating dyes, such as SybrGreen and 

EvaGreen, that become fluorescent upon interaction with double-stranded DNA. We hypothesized 

that we could simply incubate our DNA-functionalized microparticles that are bound to unlabeled 
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targets with these dyes and then measure the fluorescence increase using flow cytometry to 

quantify the number of targets bound to each particle.  

While experimentally simple and fast, we found that the sensitivity of these dyes was too 

low for our experiments. Specifically, we observed a minimal fluorescence increase with flow 

cytometry when EvaGreen was incubated with particles with high concentrations of unlabeled 

targets compared to no targets. However, when using ligands that could form up to 21 bp duplexes 

with the target, we did observe >10-fold increases in fluorescence compared to when no target was 

added. In general, we found that the EvaGreen signal was sensitive to the length of the particle-

target duplex, as the fluorescence signal correlated with duplex length even when the same number 

of duplexes were present on each particle. Based on this observation, we tested whether we could 

use Klenow Fragment polymerase, which is active at room temperature and is compatible with 

short primer sequences, to increase the length of the particle-target duplex following binding 

 
 

Figure 4.1. Polymerase-mediated methods to detect unlabeled targets. Schemes describing 

approaches that we tested to detect unlabeled targets more sensitively by using a polymerase 

to (a) generate a longer duplex with the target and boost EvaGreen signal or (b) to extend the 

particle-linked oligo and create a region for a fluorescent complement to bind. 
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(Figure 4.1A). This approach is possible whenever the target is longer than the particle-linked 

oligos. We did confirm that the polymerase could extend the length of the duplex in our assay 

conditions, even with primers less than 10 nt, though the EvaGreen fluorescence signals remained 

relatively low despite the longer duplexes. 

An alternative approach to detecting unlabeled targets that we explored was to couple the 

polymerase method with fluorescent reporter strands that bound to the particles following 

successful polymerization. While it is straightforward to simply bind a fluorescent oligonucleotide 

to an adjacent unbound region of the target, this technique results in loss of fluorescent signal when 

the target dehybridizes. This was a concern in our case, as we were interested in detecting SNPs 

and thus the binding affinity for the target was relatively weak to ensure high specificity. Therefore, 

rather than binding a fluorescent oligo to the target after it bound the particle, we hypothesized 

that we could bind a fluorescent oligo directly to the particle by hybridizing with a polymerase-

extended region of the oligo immobilized on the particle (Figure 4.1B). This approach proved to 

be much more sensitive than EvaGreen as we could detect low concentrations of unlabeled targets 

with fluorescent signals that were ~50% as high as what we obtained when measuring the binding 

of the same concentration of labeled targets. Yet, this procedure significantly increased the assay 

time due to additional washing steps and incubation times and requires the use of enzymes. We 

expect that this polymerase-mediated sensing method can also be coupled with signal 

amplification strategies such as common Cas13 and horse radish peroxidase (HRP) readout 

techniques. Specifically, either a Cas13 guide RNA or an HRP-linked oligo could bind to the 

polymerase-extended oligo region generated following target binding and perform catalytic signal 

amplification to allow sensitive detection of label-free targets. 



161 
 

 Chapter 3 discussed an approach to precisely tune the binding specificity for single SNP-

containing targets but did not demonstrate overall enhancements in binding specificity. 

Alternatively, we hypothesize that a couple of approaches have the potential to significantly 

enhance binding specificity for a single mutation using heteroMV hybridization. The first approach 

is to hybridize several repeats of a short SNP-containing target on a “capture” strand with the SNP-

region of each target presented as a ssDNA overhang that can then bind multivalently to a 

homoMV DNA-functionalized particle (Figure 4.2A). By binding multivalently to several copies 

of the same SNP-containing target, the overall binding specificity can be significantly enhanced 

as was observed in Chapter 3 when detecting targets with two mutations. Our modeling data 

suggests that the specificity can increase by several fold every time the binding valency is 

increased (Figure 4.2B). However, this approach relies on carefully tuning the affinity and spacing 

of the oligos on the particle. This proposed method does offer the ability to detect label-free targets 

as the capture oligo can be modified with a fluorophore. Moreover, by coupling this technique 

with PCR, each primer can be designed to have a 5’ overhanging region with the same sequence 

that can bind to the capture strand. This would allow the same fluorescent capture strand to be used 

for every SNP being detected, making the readout cheaper and easier. 

A second approach is inspired by the biological concept of kinetic proofreading, which has 

been hypothesized to increase the specificity of biological processes such as T-cell triggering and 

endocytosis.1-2 One variety of kinetic proofreading that was described by Galstyan et al. is spatial 

proofreading. In this case, specificity is enhanced by physically separating the location of two 

events that are required to yield a biological function or generate a signal (Figure 4.2C).3 We 

hypothesize that this concept can be applied in heteroMV hybridization-based SNP detection. First, 

two ligands that bind a target multivalently can be spatially separated on a fluid substrate. Then, 
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after a target binds one ligand monovalently it must diffuse from one location to another. During 

this diffusion, any mismatched targets will dehybridize from the surface due to increased Koff, 

while targets containing the SNP will be able to diffuse across the surface and reach the second 

oligo to form a stable multivalent interaction and generate a fluorescent readout. We envision that 

microfluidic channels coated with supported lipid bilayers (SLBs) could be used to separate the 

two ligands and allow diffusion. 

 

 

 

 
Figure 4.2. Potential methods to enhance specificity for a target with a single SNP using 

multivalent hybridization. (a) Scheme describing an approach to use a capture strand to 

hybridize to multiple copies of a SNP-containing target to allow multivalent hybridization to a 

homoMV particle. (b) Preliminary modeling data showing that increasing the binding valency 

by increasing the number of targets bound to a capture strand results in dramatic enhancements 

in discrimination factors when the affinity of the oligo is tuned to an appropriate strength for 

each value of n. (C) A scheme describing the concept of spatial proofreading where the location 

that two events occur, such as binding and activation, are separated by a physical space to 

generate a time delay between the occurrence of the events. During this time delay, off-target 

binding events are discarded at a faster rate than on-target binding events due to higher koff 

values. 
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4.2.2. Investigating HeteroMV DNA Hybridization on a Lipid Surface 

One concept that we have not explored in our investigations of heteroMV DNA 

hybridization to ssDNA targets is anchoring the binding oligos to lipid surfaces. As discussed in 

Chapter 1, displaying ligands on a fluid substrate like a lipid bilayer can allow for more effective 

multivalent hybridization that is less sensitive to ligand spacing and arrangement. Specifically, 

when the ligands are attached to fluid substrates they can move laterally and rearrange to form 

higher valency and more energetically favorable interactions with the target. Therefore, we 

envision that heteroMV DNA-functionalized liposomes or SLB coated particles can be used to 

bind with high valency to ssDNA targets without the need to control the ligand positioning. In this 

case, lipids with low transition temperatures that are fluid at the assay temperature must be used. 

Alternatively, in some instances it might be desirable to use specific lipids with high 

transition temperatures that are in the gel phase at the assay temperature. For these applications, 

we hypothesize that the spatial arrangement of the oligos can be controlled in several ways. One 

way is identical to the method described in Chapter 2, where the oligos are first hybridized to a 

template before mixing with the liposome or SLB-coated bead (Figure 4.3A). While the oligos 

are still bound to the template, they can either covalently attach to the lipid surface or insert into 

the membrane using a cholesterol-anchoring modification. Finally, the template can be 

dehybridized by reducing the salt concentration or adding denaturing chemicals, leaving behind 

the oligos in a patterned spatial arrangement. A second potential approach involves synthesizing a 

heteroMV particle with a random oligo arrangement, heating the particle to above the lipid phase 

transition temperature to allow for oligo diffusion, and then hybridize the particles to a template 

that can drive the patterning of the oligos as described above (Figure 4.3B). Finally, the particle 

can be cooled back down and then the template can be dehybridized using non-heat-based methods.  
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Furthermore, we hypothesize that a DNA-functionalized AuNP that already has a patterned 

spatial arrangement can drive the patterning of a random heteroMV particle (Figure 4.3C). Similar 

to the second approach, the random lipid particle can be heated, hybridized to the template particle, 

cooled back down, and then dehybridized to create a patterned lipid particle. On the other hand, if 

two random heteroMV lipid particles functionalized with complementary oligos are mixed, it is 

possible that they can pattern each other. This patterning can occur through a thermodynamic 

driven process as the most energetically favorable outcome is to form as many duplexes as possible 

with the complementary particle. Thus, to accomplish this outcome, the oligos on each particle 

will rearrange in a specific order to maximize the binding valency and avidity of the multivalent 

 
 

Figure 4.3. Three potential approaches to create patterned heteroMV lipid particles. (a) 

The binding oligos can be pre-hybridized to a template, conjugated to the lipid particle through 

covalent attachment or hydrophobic insertion, and then dehybridized from the template using 

a non-heat-based dehybridization method. (b) A heteroMV lipid particle with a random oligo 

arrangement can be heated above its phase transition temperature, hybridized to a template and 

allowed to reach equilibrium, cooled back down, and then dehybridized from the template 

using a non-heat-based dehybridization method. (C) A heteroMV lipid particle with a random 

oligo arrangement can be heated above its phase transition temperature, hybridized to a 

patterned heteroMV AuNP and allowed to reach equilibrium, cooled back down, and then 

dehybridized and separated from the AuNP. 
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hybridization interaction with the complementary particle. Following rearrangement and 

hybridization the particles can be cooled down and dehybridized to store the spatial arrangement. 

By chemically locking the pattern, the patterned particles can then be used to further pattern other 

particles to “amplify” the pattern. If successful, this approach can be used to engineer self-

replicating patterned DNA-functionalized lipid particles without a template. 

 

4.2.3. Potential Advantages and Obstacles for Use of HeteroMV DNA Hybridization in 

Therapeutic Applications 

 I began my Ph.D. studies by investigating the potential to use DNA-functionalized particles 

in therapeutic applications, such as regulating the expression of specific genes through binding 

and cleaving mRNA targets. Thus, one of the initial goals for designing heteroMV DNA particles 

was to use them to improve the effectiveness of gene regulation. We hypothesize that heteroMV 

binding would allow for higher avidity binding to mRNA targets which would yield a more potent 

therapeutic agent. Moreover, by binding many short oligos to long mRNA targets the harmful 

effects of secondary structure, both with the particle-linked oligos and the target, can be overcome. 

Specifically, we envision that by binding to many sites of the target, the naturally occurring 

secondary structure in the mRNA sequence can be gradually removed as each oligo binds. 

Furthermore, each additional duplex formed offers another potential site for RNase H-mediated 

target cleavage. 

 Despite these potential advantages, there are a couple of possible obstacles that can limit 

the effectiveness of heteroMV DNA-functionalized nanoparticles in therapeutic applications. 

Firstly, a common limitation in most nanoparticle-based therapeutics is the ability of the particle 

to escape endosomal compartments and reach the cytoplasm. Moreover, multivalent binding to the 
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mRNA target requires oligos to be still attached to the nanoparticle once it reaches the cytoplasm. 

Currently, it is not known what percentage of particles stay intact as they are trafficked into the 

cell through endocytosis. As a result, it is unclear whether the observed gene regulation capabilities 

of DNA-functionalized particles are mediated by DNA attached to or released from the particle 

surface. However, many efforts are underway to improve the endosomal escape capabilities of 

nanoparticle therapeutics or instead deliver the nanoparticles directly into the cell cytoplasm. If 

successful, these findings could greatly improve the therapeutic potential for heteroMV DNA-

functionalized nanoparticles. 
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