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Abstract 

Fundamental properties and applications of surface confined enzymes in gene 

regulation and molecular motors 

By Kevin Yehl 

The vast majority of enzymes function in confined environments within or near lipid 

membranes, or within a supramolecular assembly containing many biomolecules. 

Examples range from receptor tyrosine kinases to motor proteins and the ubiquitous 

enzymes involved in DNA replication and protein synthesis. Confined enzymatic reactions 

are also widely employed in clinical chemistry and biotechnology. Despite its prevalence, 

we still have a limited ability to predict and control the properties of catalytic reactions 

upon confinement of the enzyme and substrate. The major goal of this thesis is to study the 

properties of confined catalytic reactions and to take advantage of insights for improved 

therapeutic and bio-sensing applications.  

In Chapter 1, we describe the historical context and summarize representative literature 

on the topic of surface confined catalytic reactions. The chapter includes a discussion of 

general properties of catalytic reactions in comparison to solution, and the theoretical 

underpinning of differential properties on surfaces. Chapter 2 describes our efforts to 

develop and test model systems to study the impact of catalyst immobilization. 

DNAzymes, or catalytic oligonucleotides, were immobilized onto gold nanoparticles and 

used as a model system to study the effects of enzyme packing density and orientation, 

linker length and composition, and passivation on activity. From these findings, design 

rules were developed to synthesize highly active DNAzyme nanoparticles, which were 

shown to readily enter mammalian cells, possess enhanced nuclease resistance and 



catalytic activity, and can regulate gene expression in a dose dependent manner. 

Importantly, in this chapter, we showed that DNAzyme nanoparticle conjugates down-

regulate GDF15 mRNA expression by 60% in a cell culture model. GDF15 has clinical 

relevance for the treatment of many types of cancers, and particularly Herceptin® resistant 

metastatic breast cancer.  

In Chapter 3, we expanded upon these studies in a more therapeutically relevant model 

to show that DNAzyme nanoparticles are highly modular and can regulate TNFα protein 

expression by targeting the corresponding mRNA in a rat model. The goal of these studies 

was to develop an anti-inflammatory therapy to prevent heart failure post cardiac 

infarction. The hypothesis was that the resulting tissue damage caused by cardiac infarction 

is due to an over-active immune response (up-regulation of TNFα), which could be 

minimized by down-regulating TNFα. We showed that DNAzyme nanoparticles targeting 

TNFα were more efficient when compared to siRNA or to antisense nanoparticles. In vivo 

experiments using a rat model of cardiac infarction showed that animals treated with 

DNAzyme nanoparticles targeting TNFα mRNA had a ~40% improvement in heart 

function, as determined by fractional shortening measurements of the rat’s infarct tissue.  

Chapter 4 describes the study of surface-immobilized catalytic reactions as models for 

molecular machines and motors. Following earlier results demonstrating the therapeutic 

potential of DNAzyme nanoparticles, we wondered how reactions would proceed if the 

substrate was surface immobilized. We anticipated that the particles would move along the 

surface to maximize Watson-Crick base pairing in a ‘burnt bridge’ mechanism of 

translocation. We chose to investigate the RNase H enzyme, which catalyzes the hydrolysis 

of RNA in RNA-DNA duplexes at orders of magnitude greater efficiency than DNAzymes. 



In these studies, we showed that multivalent DNA modified particles (diameter = 5 µm, 107 

DNA/particle) move along an RNA-monolayer surface in the presence of RNase H and translocate 

through a unique rolling mechanism. Thus, we termed these motors DNA monowheels (DMWs). 

This unique mechanism of translocation produces emergent properties enabling the motors to reach 

rapid speeds up to 5 µm/min and processivity of several hundreds of µm’s, thus surpassing the 

fastest synthetic DNA-based motor by three orders of magnitude and approaching the capabilities 

of biological motor proteins. Interestingly, these motors displayed the first experimental example 

of self-avoiding diffusion. Due to the rolling mechanism of motion, we were able to program 

DMWs to move in a linear fashion by incorporating anisotropy into the particle “chassis” structure. 

Accordingly, this was the first example of directional motion without the influence from an external 

field or patterned track. Because of the motor robustness, size, and molecular sensitivity, we 

showed that DNA monowheels could be used to detect single nucleotide mutations using a simple 

smartphone readout, thus demonstrating the simplicity and usefulness of DNA-based motors 

towards real world applications.  

Finally, Chapter 5 provides a perspective discussing the potential for studying confined multi-

enzyme model systems to more accurately recapitulate living systems. Such constructs are 

anticipated to have emergent, synergistic properties that impact the fields of sensing and gene 

editing technologies. 
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Chapter 1: Properties and applications of surface confined enzymes 
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1.1 Introduction 

1.1.1 Prevalence throughout biology 

In living systems, many chemical reactions occur at surfaces or in confined spaces, 

such as the plasma membrane and cell wall or within organelles. In fact, nearly a third of 

all proteins are predicted to be associated with biological membranes.1 This is important 

because enzyme confinement can lead to drastically different properties compared to their 

soluble counterparts; altered substrate selectivity, increased stability, and even increased 

activity. Surface confinement of enzymatic reactions enables important biological 

functions, ranging from energy production, cellular motility, and metabolite synthesis, and 

such mechanisms may impact fields ranging from biomedical sensing to therapies and 

renewable energy. Realizing this potential, many groups have studied surface confined 

enzymatic reactions as early as the 1950’s, however, the consequences of confinement are 

still difficult to predict a priori.2 Development of model systems giving mechanistic 

insights is needed in order to provide design rules to develop next generation technologies. 

The following sections will discuss: (1) the general features of surface-confined enzymatic 

reactions as gleaned from studying model reactions. This section will put into perspective 

why it is difficult to predict enzyme activity upon immobilization. (2) Applications 

involving surface confined reactions with a particular emphasis on synthetic motors. 

Finally the chapter will conclude with a statement of the aim and scope for this thesis.  

1.2 Theory on surface confinement of enzymatic reactions 

Enzyme confinement can be defined as an enzymatic chemical reaction occurring at a 

surface. This can be achieved through immobilization of either the enzyme or substrate 
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(Figure 1.1), which can have its own advantages or disadvantages depending on the 

application.3  

 

Figure 1.1. A schematic illustrating the two approaches to confine enzymatic reactions, which 

involve enzyme (top) or substrate (bottom) immobilization. Reprinted from Reference 3 with 

permission from the publisher. 

 

1.2.1 Immobilization techniques 

To date, there are many methods available to immobilize enzymes or substrates onto 

solid supports, which can be organized into two general classes, non-covalent or covalent 

attachment.4 Both strategies have their own merits and limitations. The non-covalent 

approach, where an enzyme is simply adsorbed onto a surface, is a simple functionalization 

technique and immobilizes the enzyme to the surface through multiple contacts along the 

enzyme structure. This can lead to an enhancement in enzyme stability; however, there is 

limited control over enzyme orientation. For example, if both the catalytic core of the 

enzyme and the surface are hydrophobic, then the enzyme will be bound to the surface 

through van der Waals interactions in an orientation inhibiting substrate binding (Figure 
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1.2a).5 However, there are other supports that can be used depending on the enzyme being 

immobilized. For example, dextran or ionic supports would be more optimal for 

immobilizing an enzyme with a hydrophobic core because the enzyme would be 

immobilized through hydrogen bonding or ionic interactions, thus likely orienting the 

catalytic core to enable substrate binding (Figure 1.2b,c).  

Covalent immobilization is a more complicated approach but can allow for greater 

control over enzyme orientation, especially if the enzyme is site-specifically immobilized 

to the surface using a heterobifunctional linker (Figure 1.2d). However, if an enzyme 

contains multiple reactive sites, then multiple orientations are possible. Otherwise, tedious 

protein engineering is required to either incorporate a site specific tag or mutate out all 

other non-specific immobilization sites. If enzyme mutations are made, then additional 

tests are needed in order to verify that the modifications do not denature the enzyme and 

alter its function. However, many groups are working on methods to streamline approaches 

to easily incorporate site specific modifications with minimal structural perturbations.6-8  

 

Figure 1.2. Schematic illustrating the various strategies and orientations a surface confined enzyme 

can have depending on the method.  

 

1.2.2 Stability 

Typically, when enzymes are immobilized, they become more stable to thermal or 

chemical denaturation. There has been a correlation between increased enzyme stability 
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and the rigidity of enzyme immobilization, which can be controlled through adjusting the 

number of contacts between the enzyme and surface or immobilizing the enzyme using 

short rigid linkers.9,10 However, both strategies typically lead to a decrease in enzyme 

activity. This can be attributed to stabilizing the enzyme structure through contribution of 

additional enzyme-surface contacts that have to be disrupted in order to unfold the enzyme. 

However, if these interactions are too strong, they can denature the enzyme as well. In 

addition to stability against denaturation, enzymes that are surface confined are typically 

more resistant against hydrolytic enzymes. This is due to a combination of factors, which 

include inhibition of the hydrolytic enzyme caused by the local micro-environment and 

requiring greater energy to unfold the surface immobilized enzyme into the active 

conformation required for hydrolysis. Because of these effects, enzymes have been shown 

to improve up to five orders of magnitude in stability due to surface confinement.10,11   

1.2.3 Enhanced catalysis 

In some cases, surface immobilizations can even enhance enzyme activity, although 

this is more the exception than the rule.12 A major goal in the field is to rationally design 

such systems as opposed to fortuitously discovering them. For this to be achieved, a better 

mechanistic understanding into why certain enzymes gain activity when immobilized is 

required. Enhancement in activity can be caused by various mechanisms or a combination 

of them. The most common mechanism is alteration in the local micro-environment.2 

Changes in the micro-environment can adjust the local pH of catalytic residues to a more 

optimal regime.13 In addition, the solid support can have weak interactions with the 

substrate to increase the effective local substrate concentration, resulting in an improved 

binding constant.14 However, if the surface repels the substrate or binds too strongly with 
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the product, an inhibitory effect can be observed. Another factor that can improve enzyme 

function is alteration in enzyme structure caused by surface immobilization.2 For example, 

lipase enzymes require a conformational change involving opening of a peptide lid to 

switch the enzyme into the active form. Depending on the solid support, when lipases are 

immobilized, the enzymes are locked into the active state, thus enhancing activity.15 

Enzyme or substrate valency can also have a profound effect on activity.3,16,17 Increasing 

enzyme valency typically slows down koff but increases substrate affinity, which in turn 

can enhance catalysis.18 In addition, increasing substrate valency typically leads to an 

improvement in enzyme processivity.16 Many signal amplification strategies have been 

designed around this phenomenon.3,16 However, there is typically an optimal density before 

steric inhibition occurs, resulting in a bell-shaped trend for enzyme activity as a function 

of enzyme density.19 Most commonly, what is thought to be enhancement in enzyme 

activity is actually due to an increase in enzyme stability from immobilization, where the 

soluble form is easily denatured or degraded. For example, immobilization of trypsin, a 

protease enzyme, prevents self-degradation and can lead to up to a105 fold enhancement in 

stability.11 

1.3 Prevalence of surface confined enzymatic reactions 

1.3.1 Industry 

Enzyme confinement has had a major impact on industrial processes.20 The first 

example of using immobilized enzymes for a commercial process was in the late 1960s by 

a Japanese company where they immobilized l-amino acid acylase for the production of l-

amino acids from a mixture of racemic amino acid derivatives.21 Surface immobilization 

of the enzyme provided significant improvement in enzyme stability and also allowed 
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facile separation of the enzyme from the reaction mixture so that it could be cycled many 

times. Since this development, immobilized enzymes have been incorporated into many 

industrial processes, ranging from food processing where pectinases are used to break 

down complex polysaccharides to remove bitter tastes, all the way to the pharmaceutical 

and pesticide industry, where enzymes are especially valuable because of the increased 

regulations requiring production of enantio-pure compounds.20 In order to fully appreciate 

the prevalence of surface confined enzymes in industrial processes, Table 1.1 summarizes 

some of the best-known examples.  

 

Table 1.1. A table summarizing the large scale industrial processes that involves surface confined 

enzymes. Reprinted from Reference 20 with permission from the publisher. 

 

1.3.2 Bio-medical Applications 

Surface confined enzymatic reactions have been key to revolutionizing the bio-medical 

sciences. For example, enzyme-linked immunosorbent assay (ELISA) is a surface confined 

enzymatic reaction that allows for facile detection and amplification of analytes 

(Figure1.3a).22 This technique has been the major workhorse for cell biology labs and has 

been incorporated into many commercial sensing platforms to detect and track the spread 

of diseases (i.e. AIDS, West Nile, Ebola…). In addition, glucose sensors require 

immobilized glucose oxidase to quantify levels of glucose in the blood (Figure 1.3b). This 
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quantification is crucial for diabetic patients in regulating insulin intake in order to prevent 

hyperglycemia. Moreover, many groups are working to expand the scope for this sensing 

platform to detect a host of other analytes.23,24 This in turn will allow onsite detection as 

opposed to sending samples away to a centralized lab, which can take days to analyze the 

results. DNA sequencing is another field that has been revolutionized by surface confined 

enzymatic reactions. DNA sequencing is crucial for bio-medical research, in addition to a 

range of other applications, such as medical diagnosis, virology, and forensics. Next 

generation sequencing technology relies on sequencing by synthesis approach, which 

involves a polymerase to synthesize a DNA template immobilized to a surface or bead.25 

One of the more promising technologies is pyrosequencing illustrated in Figure 1.3c, 

where DNA sequences are processed and immobilized onto micro-beads that are confined 

to microchannels. By flowing a solution of base monomers over the microchannels, base 

coupling can be detected through the pyrophosphate byproduct, which is a substrate for an 

enzymatic cascade that produces light. Therefore, the DNA sequence can be determined 

depending on which monomers produce light.25  
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Figure 1.3. Schematic illustrations of important biotechnologies that utilize surface confined 

enzymes; ELISA (a), glucose sensors (b), and next generation DNA sequencing (c). Reprinted 

from References 22, 24, and 25 with permission from the publisher. 

 

 

1.3.3 Synthetic Motors 

Biological motor proteins are required for all living systems and involve surface confined 

enzymatic reactions. Specifically, higher order organisms require proteins that walk along 

filamentous tracks to produce force or deliver cargo. These proteins are quite spectacular in that 

they dynamically alter their interaction with the track through conformational changes coupled to 

ATP hydrolysis. This enables directional motion for several microns at rapid micron per second 

velocities. Replicating such function is a fundamentally challenging problem and holds great 

potential to revolutionizing several fields.  
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1.3.3.1 Seminal studies 

 To date, the most promising systems involve DNA-based motors, owing to their predictable 

and tunable Watson-Crick base pairing. Monumental studies carried out by Seeman and Pierce 

et al. first demonstrated that synthetic motors powered by DNA hybridization can attain 

molecular control of motion against the entropy of random Brownian diffusion (Figure 

1.4a, b).26,27 In fact, these motors were shown to perform useful work by assembling 

nanoparticles together across a nano-assembly line (Figure 1.4c).28 These exciting results 

have led to many conceived applications ranging from bottom up assembly of commercial 

products with atomic level precision; nanoscale chemical reactors that can synthesize 

complex molecules through proximal arrangement of reactive groups; actuating materials 

that possess functions similar to that of muscles; and intelligent therapeutics able to seek, 

recognize, and treat diseased cells.  

 

 

Figure 1.4. Schematic showing the design for the first molecular motors that can move 

unidirectionally. These motor are powered by DNA hybridization through sequential addition of 

specific fuel strands that release or bind the foot to the track causing a single step forward in an 

inchworm fashion (a) or an arm over arm mechanism (b). (c) Schematic of a DNA walker used to 

assemble nanoparticles to perform useful work. Reprinted from References 26-28 with permission 

from the publisher.  
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However, these initial molecular motor prototypes are not autonomous, which 

significantly limits their usefulness. Addressing this concern, the groups of Pierce, Seeman 

and Turberfield designed motors that can move autonomously using hairpin DNA fuel 

(Figure 1.5).29-31 This elegant design enables temporal control of cascading reactions (i.e. 

fuel consumption) that is initiated by the progress of the DNA motor along the track. The 

hairpin structure inactivates the fuel strand, such that it can only be activated and consumed 

upon the progress of the motor along the track, resulting in exposure of an activation 

sequence. Though autonomous, these motors are slow and limited by the amount of useful 

work that can be performed. However, motors powered by surface confined enzymatic 

reactions can address this concern and represent the most promising approach to fully 

realizing the potential of molecular motors. 
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Figure 1.5. Schematic illustrations showing the design of autonomous DNA motors powered by 

DNA hybridization with hairpin fuel with uncoordinated (a) or coordinated (b and c) feet motion. 

Adapted with permission from References 29-31.    

 

1.3.3.2 Role of surface confined enzymatic reactions on the progress of molecular motors 

1.3.3.2.1 Burnt bridge mechanism 

Inspired by the fact that motor proteins are fueled by ATP hydrolysis, many groups 

have designed autonomous synthetic motors fueled by phosphodiester hydrolysis.32-40 Of 

this class, two approaches have been devised involving either DNAzyme or endonuclease 

surface confined catalysis. The general principle responsible for autonomous and 

directional motion for these motors is the “burnt bridge” mechanism, where the track is 

selectively hydrolyzed only where the motor is bound, thus biasing motor diffusion toward 

the non-hydrolyzed sections of the track.41 It is important to note that even though 

phosphate hydrolysis powers motor translocation, these motors are significantly different 

than their motor protein counterparts in that motor proteins do not destroy their tracks. 

Despite these differences, these DNA-based motors offer capabilities that can greatly 

complement biological motor proteins such that they can individually be programed to 

carry out specific tasks. Also, since the fuel is the track itself, this design no longer 

necessitates the need for soluble fuel and therefore increases motor efficiency. The 

following section will focus on approaches undertaken using DNAzyme based motors, 

whereas the subsequent section will discuss endonuclease-powered motors. 

1.3.3.2.2 DNAzyme based motors 

DNAzymes are catalytic sequences of DNA that can catalyze a variety of chemical 

reactions.42,43 In the context of DNA-based motors, DNAzymes specific for the hydrolysis 

of RNA are typically used.33,35,36,40 For example, Chengde Mao et al. developed the first 
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DNAzyme based motor where DNAzyme 10-23 was designed to translocate three steps 

along a DNA scaffold track containing pendant DNA-RNA chimera footholds (Figure 

1.6a).33 DNAzyme 10-23 is a Mg2+ dependent DNAzyme possessing a 15 bp catalytic core 

responsible for RNA hydrolysis and is flanked by two recognition arms to allow for 

programmable selectivity. The monopod motor was designed to possess asymmetric 

recognition arms (upper = 7; lower = 15) such that the lower arm relative to the track 

contains a longer recognition sequence compared to that of the upper arm. This design 

enables motor association with the track and rapid dissociation of hydrolyzed product from 

the upper arm of the DNAzyme. The resulting free upper arm is then able to hybridize with 

the adjacent foothold to initiate a strand displacement reaction. Cycling between these two 

reactions (hydrolysis and strand displacement) autonomously progresses the DNAzyme 

along the track in an inchworm type mechanism (Figure 1.6b).  

 

Figure 1.6. (a) DNAzyme based motor and track design. (b) The translocation mechanism for the 

DNAzyme motor where the DNAzyme hydrolyzes the fuel templated along the track. Hydrolysis 

leads to product release and strand displacement with adjacent foothold to progress the motor along 

the track in an inchworm fashion. Reprinted from Reference 33 with permission from the publisher. 
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Independently, Milan Stojanovic et al. studied how DNAzyme multivalency affects 

motor catalytic efficiency.35 Using a streptavidin chassis, they synthesized motors varying 

in the number of 8-17 DNAzyme legs (l  = 1-6) and lengths of the recognition sequence (d  

= 14-18 bp) (Figure 1.7a). These motors were termed molecular spiders due to their 

proposed stepping mechanism and “resemblance” to spiders. To measure the catalytic 

efficiency for various molecular spiders, they monitored the rate of hydrolysis of a high 

density of substrate immobilized to a 3D dextran matrix using surface plasmon resonance. 

They conclude that the motors possessed biased diffusion and found that an increase in leg 

number and duplex length increases motor processivity, yet decreases catalytic rate. This 

was determined by monitoring the rate of RNA hydrolysis under flow conditions, where 

the non-processive motors were washed away (Figure 1.7b). However, they were unable 

to directly monitor motor displacements due to the limited resolution.  

In a highly collaborative study, Milan Stojanovic, Nils Walter, Erik Winfree, and Hao 

Yan et al. expanded upon these findings by individually tracking molecular spider 

displacements and showed that molecular spider motors do possess biased diffusion that is 

dictated by the pattern of the track (Figure 1.7c), thus validating theory regarding diffusion 

of molecular spider motors.36,44 Here they monitored the progress of molecular spiders 

along variously patterned DNA origami tracks using real-time AFM or super resolution 

fluorescence TIRF imaging. They found that the molecular spiders could “crawl” from start 

to finish at speeds approximately 3 nm/min at ~60% fidelity. Impressively, this landmark 

study shows that robot algorithms can be programmed into substrate patterned tracks to be 

carried out by the molecular spider robots, though the efficiency, speed, and fidelity need 

to be greatly optimized for future applications.  
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Figure 1.7. (a) Hydrolysis of the surface immobilized DNAzyme substrate by the DNAzyme-based 

molecular spider, which is composed of four DNAzyme legs immobilized to a streptavidin body. 

(b) The proposed stepping mechanism for the DNAzyme-based molecular spider. (c) Molecular 

spider traversing a DNA origami template prescriptive landscape. Reprinted from References 35 

and 36 with permission from the publisher. 

 

To determine the distance that DNAzyme based motors can travel and to demonstrate 

that DNAzyme based motors are capable of doing useful work, akin to that of biological 

motor proteins, Jong Choi et al. tracked 10-23 DNAzyme coated quantum dots walking 

along substrate functionalized carbon nanotube tracks (Figure 1.8).40 They found that the 

particle velocities and the distances traveled did not change when varying the number of 

DNAzymes per particle (2-30), so a single DNAzyme motor was likely responsible for 
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moving the particle along the track. Under optimal conditions ([Mg2+] = 100 mM and pH 

= 8), Jong Choi et al. showed that DNAzyme motors can translocate QD cargo ~1 µm over 

24 hours, which corresponds to an average velocity of ~1 nm/min. Surprisingly, DNAzyme 

motors even in the absence of divalent metal ions and in the presence of 100 mM K+ were 

also highly processive, traveling µm distances but at 3 fold lower velocities (0.3 nm/min). 

The two key experimental designs allowing Jong Choi et al. to determine how far 

DNAzyme based motors can walk was (1) the stability of the QD fluorescence allowing 

for long term tracking, which is required due to the slow motor velocities, and (2) the high 

aspect ratio of the tracks, where the tracks are several µm’s long yet tens of nanometer in 

diameter. Importantly, these set of studies show that autonomous DNA-based motors can 

translocate particle cargo distances greater than that of DNA origami tiled tracks, thus 

achieving useful work.  

 

Figure 1.8. (a) DNAzyme driven translocation of a quantum dot cargo along a substrate 

functionalized carbon nanotube track.  (b) Translocation mechanism of the DNAzyme 

functionalized quantum dot. Reprinted from Reference 40 with permission from the publisher.  

 

Translating DNA motors beyond being a model system for studying motor proteins is 

a major goal and hurdle in transforming the field of DNA-based machines to the next stage 

of development. David Liu et al. has highlighted one such potential application using DNA-
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based motors, where DNAzymes were shown to synthesize an oligoamide polymer with 

single monomer resolution by translating a DNA template sequence (Figure 1.9).37 

Specifically in this proof-of-concept study, David Liu et al. showed that an autonomous 

DNAzyme motor with a terminal amine group can walk along a DNA duplex track 

containing three substrate footholds, where the foothold substrates were functionalized 

with pendant NHS ester functionalized monomers. Motor translocation resulted in catalysis 

and polymerization of the oligoamide through arranging the reactive groups in close 

proximity, resulting in 45% polymer yield. The key design for this system is that the 

coupling reaction is faster than the motor velocity. Conveniently, DNAzyme motors are 

highly tunable in that the velocity can easily be tailored towards a specific polymer. This 

landmark study demonstrates that DNA motors have the capability of translating 

information from a DNA polymer track into another polymer, thus functioning as a DNA 

ribosome, hence why David Liu et al. termed the motor a DNAsome. However, as the 

polymer chain grows, the accuracy for arranging the reactive groups significantly 

diminishes, which next generation DNAsomes will need to address in order to evolve these 

motors into functional technologies.  

 



18 

 

 

 

Figure 1.9. A DNAzyme based motor (DNAsome) programmed to synthesize a polymer in a 

sequence specific manner by walking along a substrate templated track. Reprinted from Reference 

37 with permission from the publisher. 

 

1.3.3.2.3 Endonuclease powered motors 

Using soluble, biological enzymes 

to power nano-mechanical devices 

(rather than DNAzymes) offers 

significant benefits, such as 1) 

superior enzyme efficiency 2) 

separating the force-generating 

machinery from the nano-device, and 

3) allowing for the potential to 

integrate nano-devices with biological 

systems.  The first demonstration of 

this principle was developed by the 

groups of Hao Yan, Andrew 

Turberfield, and John Reif, where the 

translocation of a DNA motor along a 

track was powered by both ligase and endonuclease enzymes requiring ATP as fuel (Figure 

1.10).32 In this design, the DNA walker consists of a recognition sequence for the T4 ligase 

and the PflM I and BstAP endonucleases. The track that the nano-device moves along is 

comprised of three DNA duplex anchorage sites that are evenly spaced along a DNA 

duplex scaffold and are connected to the scaffold through a single stranded hinge region. 

Each duplex anchorage site possesses a ssDNA sticky overhang that is complementary to 

 

Figure 1.10. Design of the first autonomous DNA-

based motor that is enzymatically powered by both 

ligase and endonuclease enzymes. Reprinted from 

Reference 32 with permission from the publisher. 
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the monopod motor. In the presence of T4 ligase and ATP, the DNA motor is ligated to the 

adjacent anchorage site, thus forming a continuous duplex that contains the recognition 

sequence for PflM I endonuclease. Upon endonuclease hydrolysis, the DNA walker is 

released from the first anchorage site and steps to the adjacent site. This process is repeated 

to move the walker to the final site but instead using the BstAP endonuclease. In principle, 

this motor can transverse much longer distances only limited by enzyme efficiency and 

track length. However, for these studies, they only designed the motor to take two steps, 

which was only 25% efficient (determined by a series of gel shift assays). Though the 

efficiency is low, this study is a milestone in the DNA-based motor field in that it is the 

first example of autonomous, linear motion of a nano-mechanical device.  

Simplifying this approach, Turberfield et al. designed a motor that can autonomously 

move along a DNA track through a burnt bridge mechanism powered by only an 

endonuclease enzyme (Figure 1.11a).34 Upon hybridization to the track, the DNA machine 

in conjunction with the N.BbvC IB endonuclease is able to selectively catalyze the 

hydrolysis of the complementary track foothold, which Turberfield et al. terms the ‘stator’. 

N.BbvC IB is an engineered restriction enzyme that recognizes a 7 base pair sequence that 

selectively nicks the complementary stator strand. This hydrolysis event leads to release of 

the top half of the hydrolyzed product relative to the track resulting in an exposed toehold 

overhang, which can catalyze the strand displacement reaction with the adjacent stator 

strand. This sequence of reactions are repeated such that the DNA cargo can walk to the 

third and final stator of the track, containing a single base mutation to inhibit N.BbvC IB 

hydrolysis and trap the motor. The processive motion and motor velocity was quantified 

through a kinetic fluorescence assay, where the DNA machine was labeled with a quencher 
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and the stator overhangs labeled with spectrally distinct fluorophores.  The florescence 

kinetic assay showed sequential quenching and fluorescence recovery corresponding to the 

fluorophore position along the track. The fitted rates of the kinetic assay equated to the 

DNA monopod traveling at speeds of ~5 nm/min.  

Turberfield et al. expanded upon these findings to show that an endonuclease powered 

monopod motor can walk much longer distances using a DNA origami track possessing 16 

stator strands in a line, equating to ~100 nm in length.38 Using real time AFM, Turberfield 

et al. showed direct stepwise movement of the DNA motor along the track where 35% of 

the motors were able to walk the full ~100 nm length at an average velocity of ~5 nm/min. 

In addition to demonstrating that endonuclease powered monopod motors can transverse 

long, linear distances, Turberfield et al. also showed that this class of motor can navigate a 

network of tracks.39 In this study, they showed that the motor can correctly choose the 

desired path either through external control through addition of oligonucleotide cues at 

~90% efficiency or internal control by the motor itself at ~70% efficiency. Similar to the 

molecular spiders, programmable motion allows for cargo sorting, molecular computing, 

and dynamic networks for assembly lines.  
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Figure 1.11. (a) Stepping mechanism of an endonuclease powered monopod motor. (b) Long, 

linear transport of an endonuclease powered motor transversing a DNA origami patterned track. 

Realtime AFM was used to directly image the motor translocation along the track. (c) Schematic 

design of a network of tracks templated by DNA origami where the desired path is unblocked 

through external addition of an unblocking strand or by pre-programming a catalytic domain into 

the motor body that catalyzes the unblocking strand displacement reaction (blocked  sections 

represented by colored X’s). Reprinted from References 34, 38, and 39 with permission from the 

publisher. 

 

Though DNA-based motors have made great progress since the initial studies carried 

out by labs of Seeman and Pierce, the motor speed and efficiency need to be greatly 
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enhanced in order to transition motors into becoming a functional technology. Systematic 

studies of model systems investigating confined enzyme activity may be the key to 

addressing this challenge.  

1.4 Aim and Scope 

As is evident, enzymes are becoming more and more integrated in industrial processes, 

therapeutics, and sensors; however, we still have a limited understanding of their activity 

when confined to surfaces. In addition, confined enzymatic reactions have the potential to 

revolutionize the field of DNA-based motors. Therefore, in this dissertation, I will describe 

the developments of model systems characterizing enzyme activity when confined to 

surfaces, with the particular emphasis on the collective properties resulting from 

multivalent enzyme assemblies. Initially, in Chapter 2, I will discuss the activity of 

DNAzyme 10-23 when immobilized to a gold nanoparticle scaffold. This system was 

selected for study because of the unique optical and chemical properties of gold 

nanoparticles and the importance of DNAzyme 10-23 in gene regulation, sensing, and 

DNA based motors. Results summarizing the role of enzyme valency, enzyme orientation, 

linker length, linker composition, and passivation on DNAzyme 10-23 activity will be 

presented. From these findings, highly active DzNPs will be synthesized to study their 

effectiveness as a gene regulatory agent both in vitro (Chapter 2) and in vivo (Chapter 3).  

In addition to studying the biological relevance of these particles, we will also explore 

the physical properties of DNAzyme nanoparticle conjugates when exposed to a substrate 

that is also polyvalent and immobilized. Due to the initial studies showing limited catalytic 

activity of immobilized DNAzymes, a more efficient enzyme, RNase H, will be used for 

these model systems (Chapter 4). Chapter 5 will recap the findings and discuss the 
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interesting synergistic properties that could emerge by combining these two enzymes onto 

a single catalytic particle.  
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Chapter 2: Nanoparticle Immobilized Deoxyribozymes: Model system for studying 

enzyme confinement and RNAi-independent gene regulation  
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2.1 Introduction 

Herein, we aimed to investigate deoxyribozymes gold nanoparticle (DzNPs) 

conjugates as a model to investigate how spatial organization and nanoparticle 

confinement affect the properties of enzymes. We chose a deoxyribozyme (DNAzyme) as 

a model enzyme due to its simplistic structure compared to proteins, synthetic 

accessibility, and ease of modification. DNAzymes are catalytic DNA molecules that are 

widely used in the areas of bio-computational logic gates and circuits (DNA-computing),1 

programmable materials,2 ultrasensitive UO2
2+ and Pb2+ metal-ion detection,3,4 for 

understanding gene function and as therapeutics.5 The most commonly studied 

DNAzyme is the ‘10-23’ DNAzyme and consists of a 15-base enzymatic core flanked by 

two arms, and functions as a site- and sequence- specific RNAase.6 Consequently, the 10-

23 DNAzyme  has been tested as a therapeutic in animal models due to its ability to block 

translation of tumorigenic genes.7-11   

Gene regulation using DNAzymes is very attractive due to the inherent ease and low 

cost of synthesis, high selectivity, and significant catalytic efficiency.12 Moreover, 

DNAzymes will catalytically inhibit translation in a manner that is independent of RNA 

interference (RNAi), thus circumventing the need for using a short interfering RNA 

(siRNA) to hijack the RNA-induced silencing complex.5,7-11 However, modulating gene 

expression and transitioning this class of functional nucleic acids in vivo will not be 

possible without solving the issues of cellular delivery and intracellular stability.12,13 A 

wide range of sophisticated chemical modifications to the DNAzyme backbone, its 

nucleic bases, and the secondary structure of its 5’ and 3’ termini increase the 

intracellular stability of catalytic oligonucleotides to varying degrees, but the challenge of 



 

31 

 

 

 

delivery with minimal toxicity is persistent.14,15 Therefore, a second motivation for 

studying the properties of DzNP conjugates was their potential in solving the problem of 

cellular delivery and intracellular stability.  

We synthesized polyvalent DNAzyme-gold nanoparticle (DzNP) conjugates to 

generate a nanozyme (Figure 2.1, Table 2.1). A nanozyme is typically defined as a self-

assembled multivalent catalytic particle that functions as a single entity and that generally 

displays enhanced substrate binding, stability, and in some cases, higher activity than the 

individual catalytic subunits.16 This concept of multi-enzyme complexes is widely 

employed in Nature. For example, enzymes are assembled at the lipid membrane or 

arranged by scaffolding proteins to enhance substrate channeling or alter catalytic 

activity.17 Moreover, typically, enzyme confinement onto nanoparticles can greatly 

enhance enzyme activity. 

The DNA-gold nanoparticle conjugate is an attractive platform because the structural 

conformation of DNA molecules immobilized onto gold nanoparticles has been well 

characterized and due to the novel properties these assemblies possess.18-20 DNA-gold 

nanoparticle conjugates are highly stable and have shown successful intracellular gene 

regulation through antisense and RNAi mechanisms.21,22 This is due to their enhanced 

binding affinities,23 resistance to nuclease degradation,24 high cellular uptake,25 and 

diminished cellular toxicity26 when compared to free oligonucleotides. DNA gold 

nanoparticle conjugates also display highly cooperative hybridization with sharp thermal 

melting curves when hybridized to complementary DNA gold nanoparticles.27 

Consequently, we rationalized that DzNPs would show superior properties as a gene 

regulation agent in addition to providing a model platform to explore the fundamental 
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role of supramolecular organization in tuning the catalytic efficiency of nanozymes.  In 

this chapter, we report the synthesis and characterization of 10-23 DzNPs, show that 

these nanozyme assemblies are sensitive to DNA density and orientation, and can 

catalytically regulate intracellular gene expression through site selective cleavage of 

target messenger RNA (mRNA). Together, this work demonstrates a facile route to 

design, deploy, and trigger DNAzymes within cells. 

Very little is known about the structural conformation of the active catalytic loop of 

DNAzymes. A crystal structure of an inactive 10-23 DNAzyme-substrate complex was 

solved and showed a Holliday junction conformation (composed of two DNAzymes and 

two RNA substrates) with dimensions of 50×40×40Å.28 Even though the crystal structure 

of the active 15 base catalytic loop of the 10-23 DNAzyme is not available, this X-ray 

structure suggests that severe steric crowding may occur within the context of a high 

density polyvalent DNA nanoparticle conjugate. Therefore, we sought to determine if the 

steric environment of an RNA-cleaving DzNP would inhibit catalysis. Previous studies 

by Lu and coworkers used catalytic RNA-cleaving DNAzyme ‘8-17’ to amplify the 

reporter signal in analytical assays for transition metals.3,4,29,30 In those systems, the 

DNAzyme was hybridized to linker strands that bridged the terminal sequences of DNA- 
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Figure 2.1. A schematic of the strategy used to generate DNAzyme gold nanoparticle conjugates 

(DzNPs). A binary mixture of two oligonucleotides, DNAzymes and passivating strands, were 

used to control the steric environment at the particle surface. The catalytic activity of DzNPs was 

determined by measuring the rate of fluorescence increase, which represents the rate of substrate 

hydrolysis and de-quenching.  

 

functionalized nanoparticles, and therefore the DNAzymes were separated from the gold 

core.3,4,29,30 Recently, 80 nm iron oxide particles functionalized with 1.6 

DNAzymes/particle were synthesized for HCV gene regulation; however, it remains 

unclear how direct DNAzyme conjugation (or general enzyme conjugation) to the NP 

surface alters catalytic activity.31, 32, 33     

2.2 Results and Discussion 

2.2.1 DzNP synthesis and catalysis 

In a typical DzNP synthesis, we reduced 3’thiol-modified oligonucleotides (50 M), 

then mixed with gold nanoparticles suspended in phosphate buffered saline (pH 7.4) at a 

final DNA, and particle concentration of 3 M, and 6 nM, respectively. The solution was 

then stabilized with sodium dodecyl sulfate and salted to 0.7 M NaCl over a period of 3 

hours with intermittent sonication (Section 2.3 Materials and Methods).34 The 

oligonucleotide density of the purified DzT10NPs, where T10 refers to the thiolated poly T 

spacer linking the DNAzyme to the nanoparticle, was 160 ±10 oligonucleotides/particle 

based on a fluorescence DNA quantification kit (Invitrogen). To verify particle integrity, 

TEM and UV-Vis analysis were performed before and after particle functionalization,  
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Figure 2.2. Representative UV-vis spectrum and TEM of citrate stabilized gold nanoparticles (a) 

and DzT10 modified gold nanoparticles (b).  

 

and indicated that the particles remained dispersed following modification with 

DNAzymes (Figure 2.2). The catalytic activity of these particles was determined by 

measuring the rate of hydrolysis of a diribonucleotide within a DNA substrate that was 

functionalized with a 5’ 6-fluorescein (FAM6) and a 3’ black hole quencherTM (BHQTM) 

(Figure 2.1, Table 2.1). This reaction rate was measured using a temperature-controlled 

fluorometer and reported as kobs using a fluorescence calibration curve for a 3’FAM6 

modified oligonucleotide standard, where kobs is defined as the rate of product formation 

normalized by the enzyme concentration (min-1), which is equal to the DzNP 

concentration or the soluble DNAzyme concentration in each experiment. Figure 2.3a 

shows representative reaction kinetics for DzT10NPs and free DzT10 (See Table 2.1 for 

sequences) under identical conditions (25 °C, 4.2 nM = [DzT10] and [DzT10NP], 1 µM 

substrate, 20 mM Tris pH=7.4, 300 mM NaCl, and 50 mM Mg2+). The initial rate of the 

reaction was determined from the linear slope of the plot (t <80 min). The kobs for soluble 

DzT10 and DzT10NP were 0.017 and 0.134 min-1, respectively. In all our analyses, we 

chose to compare a DzNP, rather than its individual sub-units, to a single DNAzyme 

molecule in accordance with past literature.21,23 This is typical because the nanoparticle 
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functions as an ensemble entity inside living cells.21 For comparison, the individual 

enzyme subunits in DzNPs showed an activity of 0.0025 min-1 when assuming a 33% 

hybridization efficiency.35  We also found that DzNPs are stable under these conditions, 

and particles that were used in catalysis reactions for 12 hrs only showed a 20% decrease 

in activity when they were re-used the following day (Figure 2.3b).  Importantly, this 

data confirms that the DzNPs are robust and retain catalytic activity despite the dense 

oligonucleotide environment on the nanoparticle.  

2.2.2 Role of surface density and linker chemistry on catalysis 

To systematically study the effect of surface packing density and steric crowding on 

the rate of catalysis, a series of DzNPs were synthesized using a binary mixture of two 

oligonucleotides that included a T10 passivating sequence along with the DzT10. In this 

series, the total ssDNA concentration was kept constant while adjusting the molar 

concentrations of 3’thiol modified DzT10 and T10. Because both oligonucleotides have the 

same T10 spacer, the DNA composition of gold nanoparticles was expected to reflect that 

of the bulk solution.35 The goal was to tune the average spacing between adjacent  

 

 
Figure 2.3. (a) A representative kinetic plot showing the rate of catalysis for 4.2 nM DzT10NP 

([AuNP]=4.2nM) (closed circles) and DzT10 (triangles) enzymes ([Mg2+]= 50 mM). (b) A bar 

graph showing the initial and final catalytic activity of Dz((EG6)PO3)3NP after incubation at 25 
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°C for 24 hrs during a catalytic run. At t = 24 hrs, the nanoparticles were isolated and used in 

another reaction with new substrate in reaction buffer (20 mM Tris pH 7.4, 300 mM NaCl, and 10 

mM MgCl2) and the initial rate constant of the reaction was reported.  

 

DNAzymes and consequently tune steric crowding. The total number of DNA molecules 

per particle was measured using a commercial fluorescence assay (Figure 2.4a).35  To 

further verify these measurements, DNA was released from the particle surface using 

dithiothreitol (DTT) and the DNAzyme concentration was determined by using the 

observed rate constant of substrate hydrolysis as compared to a calibration standard of 

soluble DNAzyme (Figure 2.4a). Figure 2.4b shows a plot of the initial rate constant of 

DzNPs with a range of enzyme packing densities compared to soluble DNAzyme under 

standard reaction conditions (25 °C, 4.2 nM = [DzT10NP], 1 µM substrate, 20 mM Tris 

pH=7.4, 300 mM NaCl, and 10 mM Mg2+).  For direct molecule to molecule comparison, 

see Figure 2.4c. We found that at lower enzyme packing densities (15-60 

enzymes/particle) the activity of each particle shows a linear increase as a function of the 

number of DNAzymes per particle. However, particles with packing densities exceeding 

60 DNAzymes per particle show saturation in activity.  This trend suggests that steric 

packing limits the maximum activity of each DzNP assembly. As a corollary, this limit in 

maximum activity equates to each catalytic oligonucleotide requiring a footprint that is at 

least ~11 nm2 on the particle surface in order to achieve its maximum activity under these 

conditions. 
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Figure 2.4. (a) A plot showing the DNAzyme surface density as determined by two 

independent methods. The first method is based on an oligonucleotide fluorescence 

quantification kit (open circles). The second approach measures the catalytic activity of 

DTT-released DNAzyme and the concentration was quantified using a standard 

calibration curve (red circles). Error bars represents the standard deviation of three 

measurements. (b) A plot showing kobs for the hydrolysis of a series of DzNPs that vary 

in DNAzyme surface density at [Mg2+]= 10 mM.  The horizontal red line denotes the 

activity of free DzT10 (4.2 nM). The diagonal dashed line is a best fit (R2=0.99) through 

the lower density DzNP data points ( 60 DNAzymes/particle). All error bars represent 

the standard deviation of three measurements. (c) Catalytic activity per DNAzyme of a 

series of DzT10NPs that vary in DNAzyme surface density.  The kobs values were 

normalized to the activity of Dz from the non-passivated, fully packed particle (4.2×10-4 

mol min-1 Dz-1). Error bars are the standard deviation of three measurements. 

 

Given that the hybridization efficiency and gene regulation efficacy have been shown  

to be dependent on the chemical nature of the group anchoring an oligonucleotide to a 

gold nanoparticle, we decided to next investigate the catalytic properties of DzNPs 

modified with the following poly T and ethylene glycol phosphate linkers: T10, T20, 

T10N40, and ((EG)6PO3)3 (Table 2.1). The measured oligonucleotide density of fully 

packed particles was 148 ±10, 137 ±10, 80 ±1, and 195 ±2 oligonucleotides/particle for 

the T10, T20, T10N40, and ((EG)6PO3)3 linkers, respectively. The differences in packing 

densities were hypothesized to be due to a combination of steric crowding and interaction 

of the linker nucleobases with the gold surface. Given these DNA densities, we expected 

that longer linkers would generate DzNPs with increased catalytic efficiency, as this 
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difference would be due to reduced steric inhibition for longer linkers. Surprisingly, no 

clear trend was observed between kobs and increasing linker length (Figure 2.5). In fact, 

DzT10N40NP (0.032 min-1) had a decrease in activity when compared to DzT10NP (0.062 

min-1) and DzT20NP (0.062 min-1), which had identical activities (Figure 2.5).  The 

ethylene glycol phosphate ((EG)6PO3)3 linker generated the most densely packed 

particles (~195 Dz molecules/particle), and when these particles were compared to 

DzT10NP and DzT20NP, they showed a 56% increase in kobs (Figure 2.5).  Since 

polyethylene glycol linkers are known to minimize non-specific adsorption on 

surfaces,36,34 the results suggest that chemisorption of DNAzyme active site nucleobases 

to the gold surface alters catalytic activity, and may play a more significant role in tuning 

the catalytic activity of DzNPs.  

 

Figure 2.5. A bar graph summarizing the catalytic activity of DzNPs synthesized using a variety 

of different linkers with schematic representations of the fully packed DzNPs showing DNAzyme 

(red) density and linker (blue) length. The kobs values were calculated by measuring the linear 

slope of the initial rate of reaction from the kinetic plot (T<80 min.) ([MgCl2]=10mM). Error bars 

are the standard deviation of three measurements. The table summarizes the corresponding DNA 

densities. 

2.2.3 Role of DNAzyme orientation on catalytic activity for DzNP 

The role of non-specific interactions in DzNP catalytic activity was verified when we 

measured the rate of substrate hydrolysis using gold nanoparticles functionalized with 
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DNAzymes anchored through a 5’ thiol (DzrevT10) rather than the 3’ terminus anchor. The 

DNA density on these particles was 180 ±10 oligonucleotides/particle, but we found that 

their activity was nearly abolished (Figure 2.6a, circles).  When DzrevT10NPs were 

treated with DTT in order to release the surface-bound DNA, the free DzT10 fully 

recovered its activity, thus displaying a 3200% increase in catalytic activity (Figure 2.6a, 

triangles). The drastic difference in activity between DzT10NP and DzrevT10NP (900% 

difference) (Figure 2.6b, compare circles) suggests that the catalytic core is asymmetric 

in its sensitivity to the supporting gold nanoparticle surface.37 Importantly, DzrevT10NPs 

remained inactive even when their packing densities were reduced to 90 Dz/NP (~50% 

packed) either with or without T10 passivation (Figure 2.6b, triangles). Furthermore, 

when these particles are treated with mercaptoethanol, the DNAzyme surface density is 

decreased, but again, the activity of the DzrevT10NPs remained suppressed (Figure 

2.6c,d). Together, these observations agree with systematic mutagenesis analysis studies 

on the 10-23 DNAzyme catalytic domain that have shown a high degree of sensitivity at 

many bases near the 5’ terminus of the active site.38 Therefore, DNAzyme orientation 

needs to be carefully examined in DzNP design, which should be a general consideration 

that is broadly relevant to other biological nanozymes.  
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Figure 2.6. (a) A kinetic plot showing rate of catalysis of DzrevT10NP (open circles) and DTT 

displaced DzrevT10 (open triangles) from the particle. (b) Catalysis of fully packed and 50% 

packed DzrevT10NP. A kinetic plot showing the rate of hydrolysis of a quenched substrate for fully 

packed DzrevT10 NP (open circles) and 50% packed (T10 passivated: closed red triangles and non-

passivated: closed blue triangles) DzrevT10NP. The data indicates that the reduction in steric 

crowding does not restore DzrevT10NP’s activity to the level of DzT10NP (closed black circles). (c) 

Activity of mercaptoethanol (ME) passivated DzNPs. (d) A schematic showing the use of ME 

passivation of DzNP to reduce Dz-Au interactions. The catalytic activity of the passivated 

particles was determined by measuring the rate of fluorescence increase, which represents the rate 

of substrate hydrolysis and de-quenching.  

 

2.2.4 Photo-thermal activation of DNAzymes 

Photodynamic control of gene regulation agents, such as DNAzymes, is a highly 

desirable property, and various synthetic strategies have been employed to demonstrate 

this capability.39-41 Because the gold nanoparticle was found to significantly inhibit the 

DNAzyme anchored through its 5’ terminus, we thought that photo-induced DNA release 

would be a suitable proof-of-concept to demonstrate a triggered catalytic function 

(Figure 2.7a). We released DzrevT10 from the particle by irradiation with a 532 nm pulsed 

laser, which is known to selectively cleave the thiol-gold bond at certain laser powers 

(Figure 2.7b).42  Importantly, this strategy offers significant advantages because it is 
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synthetically facile and compatible with 2-photon and visible irradiation, in contrast to 

the recently developed azo-benzene and caged-nucleotide based approaches that require 

excitation at UV wavelengths.43,44 

 

Figure 2.7. (a) Schematic showing laser irradiation (top) to release DzrevT10 from the particle to 

enhance catalysis. (b) A plot showing kobs as a function of irradiation time where the rate constant 

was normalized to particle at t = 0 min (open circle). Nd:YAG laser was operated at 10 Hz, 4 ns 

pulse width, generating 125 mW/cm2 power. 

 

2.2.5 DzNP cellular uptake and resulting gene regulation 

Having shown that properly designed DzNPs are catalytically active in buffer 

conditions, we next set out to investigate their activity under conditions that mimic the 

cellular environment by exposing the particles to nucleases and serum. To test DzNP 

resistance towards nucleases, the catalytic activity of free DzT10 and DzT10NP was 

measured before and after incubation with a model nuclease, DNase I.  Figure 2.8a 

shows that after DNase I treatment (120 min), the soluble enzyme retained only 10% of 

its original activity, while the DzNPs retained 90% of its original activity. This result is in 
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agreement with previous reports showing that polyvalent DNA modified gold 

nanoparticles shield oligonucleotides from hydrolytic cleavage by DNases.24 We also 

tested the activity of DzNPs that are exposed to 10% fetal bovine serum for 24 hrs, and 

found the particles to remain active (Figure 2.8b).  

 

Figure 2.8. (a) Bar graph showing the relative catalytic activity of DzT10 and DzT10NP after 

exposure to DNase I for 120 min at 37 °C. (b) A kinetic plot showing the rate of hydrolysis of a 

quenched substrate substrate for active (DzNP) and inactive (i-DzNP) DzNPs.  Both particles 

were treated with cell culture media (DMEM) supplemented with 10% fetal bovine serum (FBS) 

for 24 hours at a particle concentration of 1.25 nM and a total volume of 500 µL.  After 24 hours, 

the particles were centrifuged down and media was discarded and reaction buffer added, thus 

bringing the final particle concentration to 4.2 nM and standard reaction conditions (1 µM 

substrate, 20 mM Tris pH 7.4, 300 mM NaCl, and 10 mM MgCl2).  The slight background rate 

observed for the in-active DzNPs is the result of residual RNase that is typically found in serum. 
 

To determine whether DzNPs enter mammalian cells and catalytically regulate gene 

expression, we designed DzNPs with recognition arms specific towards the TGF- 

related growth differentiation factor 15 (GDF15) mRNA sequence (DzGDF15NP, Table 

2.1).45 GDF15 was selected as a proof-of-concept due to its clinical association with 

disease progression and resistance to chemotherapy in breast, prostate, ovarian, and 

colorectal cancer, and its knockdown has been shown to inhibit proliferation.46-48 

Moreover, GDF15 is found to contribute, in part, to the development of resistance to the 

anti-HER2 therapeutic trastuzumab (Herceptin, Genetech, Inc.).49 HER2 is overexpressed 
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in approximately 20-30% of metastatic breast cancers, and trastuzumab is the first line of 

treatment for this subset of tumors. Acquired resistance to trastuzumab will typically 

develop in patients within one year of therapy.50 Moreover, viral vector-based 

knockdown of GDF15 has been shown to rescue some of the sensitivity to trastuzumab in 

breast cancer cell line models that acquire resistance.49 These results provide the 

therapeutic rationale for targeting GDF15.  

The GDF15 specific DNAzyme included two 2’-O-methyl RNA bases that were 

incorporated within both the 5’ and 3’ termini, which is a common modification to reduce 

nuclease degradation in cell studies.21 To distinguish between antisense and DNAzyme-

catalyzed hydrolysis mechanisms, we introduced a single base mutation in the DNAzyme 

catalytic core (G1 to A1) to generate catalytically inactive nanoparticles (i-DzGDF15NP, 

Table 2.1).6,38 Negative control particles (DzNCNP) were also synthesized and their DNA 

sequences included two randomized N8 arms flanking the 15-mer catalytic loop to 

control for off-target effects (Table 2.1). The oligonucleotide density was quantified in 

these three types of particles and found to be 200 ±10, 230 ±40, and 111 ±10 DNAzymes 

per particle for i-DzGDF15NP, DzGDF15NP, and DzNCNP, respectively. After confirming 

that DzNPs readily enter mammalian cells (Figure 2.9a), HCC1954 HER2-over-

expressing breast cancer cells were treated with 5 nM of particles for 48 hrs, and then 

analyzed using real-time PCR to quantify GDF15 mRNA expression levels relative to the 

house keeping gene RPLPO (component of the 60S ribosomal subunit). The dosage of 5 

nM particles was selected since the 20 nM dose showed some toxicity under these 

conditions (results not shown). The average GDF15 expression levels relative to RPLPO 

are shown in Figure 2.9b and are reported as relative GDF15 copy number (2Ct). The 
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error represents the standard error of the mean (SEM), and was calculated from three 

independent experiments, where each experiment generally consisted of three wells and 

the PCR expression level within each well was measured three times. ANOVA statistical 

analysis was performed on the data and indicates that the enzymatic nanoparticles, 

DzGDF15NP, reduce GDF15 expression by ~57% relative to negative control particles with 

a p value less than 0.005, whereas i-DzGDFNPs showed an average of ~4% knockdown, 

similar to reported literature values for antisense oligonucleotides gold nanoparticles,21 

but was within experimental error of DzNCNPs. Since both types of DNA-modified 

nanoparticles are complementary to the GDF15 mRNA, they are expected to reduce 

GDF15 expression levels through a common antisense mechanism, and the difference in 

the activity between active and inactive nanoparticles can be attributed to the 

contributions of the catalytic oligonucleotides. Optimized lentiviral shRNA-based 

knockdown of GDF15 in this cell lines has been reported to display a ~50% reduction in 

GDF15 expression as measured by PCR,49 which is comparable to the efficacy of 5 nM 

DzGDF15NPs.    
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Figure 2.9. (a) Qualitative observation of DzNP cellular entry. Fluorescent images of HeLa cells 

treated with 5 nM DzNPs that were hybridized to a complementary oligonucleotide conjugated to 

a Cy5 fluorescent probe. Fluorescence images were collected at 6 and 24 hour time points. One 

sample was treated with DzNPs for 6 hrs while the second sample was treated for a 24 hr 

duration.  The fluorescence image at the earlier time point (t = 6 hr) shows punctuate signal 

within the cytoplasm of cells. Cells that were imaged at the 24 hr time point show more uniform 

and less punctate fluorescence intensity within the cytoplasm. In addition, the cells continually 

take up DzNPs and cells that were treated for 24 hrs show one order of magnitude larger 

fluorescence intensity when compared to cells that were only treated with DzNPs for 6 hrs. (b) 

Real-time PCR analysis of GDF15 mRNA expression of HCC1954 cells, which were treated with 

catalytic (DzGDF15NP) and non-catalytic (i-DzGDF15NP) DzNPs targeting GDF15 mRNA and 

nonspecific catalytic (DzNCNP) DzNPs at a concentration of 5 nM for 48hrs.  The catalytic 

particles down regulated GDF15 mRNA 57% relative to nonspecific particles (p<0.005) and 53% 

relative to non-catalytic particles (p=0.015). 
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2.3 Conclusions 

We generated DNAzyme ‘10-23’ NPs and determined some of the design parameters 

that control catalysis, such as loading density, linker length, linker composition, and 

DNAzyme orientation.  These rules will guide the design of enzymatic DNA-

nanomaterials, thus providing a new direction in the growing field of DNAzyme-based 

therapeutics as new catalytic oligonucleotides are discovered. We demonstrate that 

DzNPs can knockdown GDF15 expression through a catalytic mechanism of action 

within cells in an RNA interference-independent pathway. Given that DNAzyme function 

is complementary to that of siRNA-based gene regulation, there is potential in a dual 

DzNP and siRNA-NP strategy and especially if one intends to target genes that regulate 

RISC function. The ability to incorporate DNAzyme-based computing, metal ion and 

small molecule sensing inside a cell will provide new opportunities in synthetic biology.  

2.4 Materials and Methods 

2.4.1 DNA sequences 

ID Sequence (5’-3’) 

DzT10 (Free) GCACCCAGGCTAGCTACAACGACTCTCTCT10 

DzT10 GCACCCAGGCTAGCTACAACGACTCTCTCT10(CH2)3SH 

DzrevT10 HS(CH2)6T10GCACCCAGGCTAGCTACAACGACTCTCTC 

DzT20 GCACCCAGGCTAGCTACAACGACTCTCTCT20(CH2)3SH 

DzT10N40 GCACCCAGGCTAGCTACAACGACTCTCTCN40T10(CH2)3SH 

Dz((EG)6PO3)3 GCACCCAGGCTAGCTACAACGACTCTCTC((EG)6PO3)3(CH2)3SH 

T10 T10(CH2)3SH 

Substrate 6FAM-GAGAGAGrArUGGGTGC-BHQ 

Calibration Probe GAGAGAGAUGGGTGC-6FAM 

DzGDF15 mGmAGTGCAAGGCTAGCTACAACGATCTGAGGGT8mUmU(CH2)3SH 

i-DzGDF15 mGmAGTGCAAAGCTAGCTACAACGATCTGAGGGT8mUmU(CH2)3SH 

DzNC mNmNNNNNNNGGCTAGCTACAACGANNNNNNNNT8mUmU(CH2)3SH 

r=ribonucleotide, 6FAM=6-carboxyfluorescein, BHQ=Black Hole Quencher™, m=2’-O-methyl 

RNA base, red=catalytic core, underlined and bold= inactive point mutation 

Table 2.1. List of oligonucleotide sequences.  



 

47 

 

 

 

2.4.2 Synthesis of gold nanoparticles 

Citrate-stabilized gold nanoparticles (14 ±1.6 nm) were prepared using published 

procedures.51  A 500 mL solution of 1 mM hydrogen tetrachloroaurate (III) trihydrate 

solution was brought to a vigorous boil, and once boiling, 50 mL of a 38.8 mM sodium 

citrate tribasic dihydrate solution was added and allowed to reflux for 15 minutes.  The 

reaction mixture was filtered using a 0.45 µm acetate filter, producing monodisperse 

AuNPs. The resonance wavelength of the gold nanoparticles was determined using UV-

vis spectrometry and particle size was determined using transmission electron 

microscopy (TEM).  

2.4.3 Preparation of DzNPs 

Disulfide-modified oligonucleotides at either the 5’ or 3’ end were purchased from 

Integrated DNA Technologies (IDT).  The disulfide was reduced to a free thiol by 

incubating 35 nmols of lyophilized oligonucleotide with 700 µL of disulfide cleavage 

buffer (0.1 M dithiothreitol (DTT), 170 mM phosphate buffer at pH = 8.0) for 3 hours at 

room temperature.  The reduced oligonucleotides were purified using a NAPTM-25 

column (GE Healthcare, Piscataway, NJ) with Nanopure water as the eluent.  

Subsequently, 30 nmols of DNA were added to 7.5 mL of 14 nm gold nanoparticles (10 

nM) bringing the final concentration of oligonucleotide, and gold nanoparticles to ~3.2 

M, and ~7.3 nM, respectively.  The pH of the solution was adjusted to pH = 7.4 by 

adding 93.8 µL of 100 mM phosphate buffer, thus bringing the phosphate buffer 

concentration to 9 mM. The particles were stabilized by adding sodium dodecyl sulfate 

(SDS) to the solution and bringing its final concentration to 0.1% (g/ml) by using a stock 

solution of 10% SDS.  The particles were successively salted with eight NaCl additions 
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that were spaced 20 minutes apart using a stock solution of 2.0 M NaCl and 10 mM 

phosphate buffer. The final NaCl concentration of the DNA-AuNP solution was 

increased to 0.7 M. The first two NaCl additions increased the concentration by 0.05 M 

increments while the remaining six NaCl additions increased the NaCl concentration by 

0.1 M increments. The particles were immediately sonicated for 10 seconds after each 

salt addition to maximize DNA packing, as indicated in literature protocols.34 The fully 

salted particles were then incubated overnight, in the dark and at room temperature. We 

found that the 10-23 active catalytic core of the DNAzyme had a tendency to drive the 

formation of nanoparticle aggregates at 0.7 M NaCl due to partial self-complementarity 

of sequences. The formation of these aggregates did not result in any observable 

reduction in the quality of the particles (as measured by UV-vis, TEM, catalysis, DNA 

density). The following day, the particles were centrifuged four times, reconstituted in 

Nanopure water each time, and stored at 4 °C for future use for a maximum duration of 1 

month.  

2.4.4 TEM imaging of DzNPs 

Transmission electron microscopy (TEM) samples were prepared by pipetting an 8 

nM gold nanoparticle solution onto a TEM grid.  TEM was conducted on a JEOL JEM-

1210 transmission electron microscope. The mean nanoparticle diameter was used to 

obtain the extinction coefficient, and particle concentrations were subsequently 

determined using a NanoDrop 2000C spectrophotometer. 

2.4.5 Calculation of the number of deoxyribozyme molecules per AuNP 

The commercial Quant-iT™ OliGreen® ssDNA kit or measuring the rate of 

hydrolysis of a quenched substrate by released DNAzyme was used to determine the total 
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DNA or DNAzyme density per particle. Both methods yield comparable oligonucleotide 

concentration values.  The Quant-iT™ OliGreen® ssDNA kit required preparing a 

calibration curve by diluting a DNA stock solution (4 g/mL) composed of the same 

thiolated oligonucleotides there were used during particle functionalization to 0.1, 0.2, 

0.5, 0.75, 1, and 2 g/mL and a final volume of 100 L in TE buffer.  DzNP solutions 

were prepared by diluting an 8 nM stock solution to 0.4, 0.6, and 0.8 nM with TE buffer.  

The Dz oligonucleotides were released from the particle through oxidizing/dissolving the 

gold with potassium cyanide (KCN) by adding 1 L of a 5 M stock solution of KCN to 

each well, including the calibration wells to be consistent. The solutions were incubated 

with KCN for 30 minutes to ensure complete dissolution. After complete dissolution of 

the gold nanoparticles, 100 L of the freshly prepared 1X Quant-iT™ OliGreen® solution 

was added to each well and fluorescence intensities (485/528 nm excitation/emission) of 

each well were then measured using a Bio-Tek Synergy HT plate reader to determine the 

total DNA density.   The DNAzyme density was calculated assuming the DNA ratio on 

the particle was the same as that in solution during the functionalization process.  To 

confirm the oligonucleotide density per AuNP values that were measured using the 

Quant-iT assay, DNAzyme concentrations were determined by using the observed rate 

constant of substrate hydrolysis as compared to a calibration standard of soluble 

DNAzyme. Oligonucleotides were released from the particle surface by incubating 1 nM 

DzNP solutions with 100 mM dithiothreitol (DTT) for 5 hours.  After incubation, 

catalysis buffer was added (20 mM Tris pH 7.4, 300 mM NaCl, and 10 mM MgCl2) 

along with 1 µM substrate, and initial rates of catalysis were measured (as described 
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below).  The initial rates were compared to a calibration curve of free DNAzyme activity 

that was measured under identical reaction conditions. 

2.4.6 Measurement of DzNP activity 

DNAzyme catalytic activity was determined by measuring the fluorescence intensity 

as a function of time, which indicated the rate of hydrolysis of a DNA/RNA chimera 

substrate that was functionalized with a 5’ 6-fluorescein (FAM6) and a 3’ Black Hole 

Quencher™ (BHQ). Fluorescence was measured using a temperature-controlled Bio-Tek 

Synergy HT plate reader. All experiments were conducted under the same reaction 

conditions unless otherwise stated: 25 °C, 4.2 nM Dz or DzNP, 1 µM substrate, 20 mM 

Tris pH 7.4, 300 mM NaCl, and 10 mM MgCl2). The rate constant of product formation 

was quantified in units of mol min-1 by using a fluorescence calibration curve for a 

3’FAM6 modified oligonucleotide standard (Calibration Probe, Table 2.1). The initial 

rate of the reaction was determined from the initial slope of the plot (t <80 min). During 

catalysis, it was observed that only in the presence of both substrate and 10 mM Mg2+, 

DzNPs formed aggregates that settled to the bottom of the reaction vessel.  We believe 

that this is due to a non-cross-linking DNA hybridization aggregation phenomenon, 

which was reported previously.52 To verify that these aggregates are the catalytic entity 

responsible for catalysis, the reaction solution was exchanged and catalysis was 

subsequently measured. Very little change in rates were observed, indicating that 

DNAzyme gold nanoparticle conjugates remain anchored to the gold nanoparticle surface 

(Figure 2.3b). 
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2.4.7 Determination of nuclease resistance 

DNase I was acquired from New England BioLabs, Inc. and used as indicated by the 

manufacturer. DNase I was incubated with 1.9 µM DzT10 and 10.4 nM DzT10NP 

(DzT10=1.9 µM) at a DNase I concentration of 2.5 units/mL in 1 X DNase I reaction 

buffer (10 mM Tris-HCl, pH =7.6, 2.5 mM MgCl2, and 0.5 mM CaCl2) with a final 

volume of 40 L at 37°C for 2 hours.  Afterwards, DNase I was inactivated by heating to 

75°C for 10 minutes.  Tris (pH 7.4), NaCl, substrate, and MgCl2 were then added, thus 

bringing the total volume to 150 L and replicating the standard reaction conditions 

(except [DzT10] = 500 nM).  Retention of activity was measured by normalizing the 

enzymatic activity to the DNAzyme activities prior to addition of DNase I under identical 

conditions. 

2.4.8 Cell culture and DzNP mediated gene knockdown 

HCC1954 (CRL 2338) cells were obtained from ATCC and were maintained in 

RPMI supplemented with 10% FBS and 1% penicillin-streptomycin in standard culture 

conditions (37 °C, 5% CO2). Cells were seeded in a 12 well plate at a concentration of 

30,000 cells/well and were allowed to adhere overnight under standard cell culture 

conditions. Nanoparticles were sterilized by filtering through a 0.2 m filter prior to 

addition to the cell media.  To achieve the desired nanoparticle concentration, the filtered 

particles were centrifuged at high speed (13,200 rpm) for 40 min and then resuspended in 

a known volume of complete RPMI medium. 5 nM Dz-gold nanoparticle solution was 

allowed to incubate with the cells for 48 hrs. The medium containing particles was 

subsequently removed and the cells were gently washed with PBS. This procedure was 

repeated twice to remove any potential remaining residual traces of nanoparticles. Total 
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RNA was then isolated using an RNA isolation kit (Sigma, Cat. # RTN-70) and used 

following the manufacturer’s instructions. A total of 48 ng of RNA was used to 

synthesize cDNA using the the Qiagen Sensiscript cDNA synthesis kit (Cat #205213). 

Real-time PCR was performed using Taqman gene expression primers for GDF15 (Cat. # 

Hs00171132_m1) and housekeeping gene, RPLPO (Cat. # 433761-1006022) from 

Applied Biosystems. The data was analyzed using the CT method and reported as such. 

2.4.9 Chemical activation of DNAzyme catalytic activity (thiol displacement) 

A 1 M stock solution of DTT was freshly prepared for each experiment prior to DTT 

release of DNAzymes from the AuNP.  DzNPs were diluted in a 96 well plate to 4.7 nM 

in reaction buffer (not including substrate).  DTT was subsequently added bringing the 

final DTT concentration to 100 mM. The particles were incubated in this solution for 12 

hours.  The substrate was added the following day in order to initiate catalysis. Note that 

the final DzNP concentration was 4.2 nM which matched the standard catalysis 

conditions described above.   

2.4.10 Photo-thermal activation of DNAzymes 

A 100 µL aliquot of DzNPs at a 2 nM concentration was added to a glass bottom 96 

well SensoPlateTM (Greiner Bio-One) (O.D. = 0.32). The samples were then irradiated by 

frequency doubled Q-switched Nd:YAG laser (Spectra-Physics) operating at 532 nm with 

a pulse width of 10 ns and a repetition rate of 10 Hz for 0, 5, 10, 20, and 40 minutes (See 

image and schematic below). The power density was determined using a power meter 

(Melles Griot) by measuring the power of the un-attenuated beam, then attenuating the 

beam to 50% power using an iris where the beam diameter is approximately equal to the 

diameter of the iris at half maximum power. This power density was determined to be 
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125 mW / cm2. The optical density of the samples was inferred from the well plate fill 

level (i.e. pathlength) and relative nanoparticle concentrations with known extinction 

coefficients at 532 nm (3.464 × 108 cm-1M-1) at approximately 0.32 O.D., which ensured 

uniform sample irradiation. After illumination, the activity of the released DNAzyme was 

measured by adding 1 M substrate and reaction buffer (20 mM Tris pH 7.4, 300 mM 

NaCl, and 10 mM MgCl2) and measuring the initial rate of substrate hydrolysis. 

 

 

 

Figure 2.10. Photo (a) and schematic (b) of laser set up.   

a 

b 
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2.4.11 Mercaptoethanol (ME) passivation of DzNPs 

DzT10NP and DzrevT10NP (6 nM) were passivated with ME (12 mM) for 5 and 15 

minutes respectively in Nanopure water. After incubation, the particles were washed 6 

times by centrifuging the particles for ten minutes at 13,500 RPM into pellets, decanting 

the supernatant, and resuspending in Nanopure water. The DNAzyme surface density was 

measured as described above (DNA density assay). Catalysis was measured at the 

following reaction conditions: 25 °C, 0.75 nM DzNP, 1 µM substrate, 20 mM CHES pH 

8.6, 150 mM NaCl, and 50 mM MgCl2. 
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Chapter 3: In vivo efficacy of DNAzyme nanoparticles as an anti-inflammatory 

therapy following myocardial infarction 
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3.1 Introduction 

In the previous chapter, we demonstrated that DNAzyme functionalized particles 

(DzNPs) are highly stable and can efficiently regulate gene expression in vitro. However, 

an immortalized cell line was used as a model system for these proof-of-principle studies 

and does not best represent the physiology of a therapeutic scenario. Therefore, this chapter 

will discuss an expansion upon these findings where a detailed study investigating the 

efficacy of DzNPs in a primary cell model and in an in vivo rat model was undertaken, 

which better represents the therapeutic physiology. As a model system, we chose to target 

an inflammatory pathology in context to heart failure due to its broad societal impact and 

to highlight the limited cytotoxicity DzNPs possess because the root cause of heart failure 

is inflammation where treatment of cancers and other pathologies has a higher threshold 

for toxicity.  

Heart failure (HF) is the leading cause of death in the developed world today and 

ischemic heart disease is considered to be the dominant cause.1 Myocardial infarction (MI), 

most commonly known as a “heart attack” is the initial occurrence, which involves a 

thrombotic occlusion of a coronary artery and subsequent depletion of oxygen to a segment 

of the left ventricular wall. Over the last few decades, mortality due to MI has decreased 

due to the optimized reperfusion strategies employing sophisticated designs of stents, 

thrombolytic therapies and neurohormonal inhibitors that reduce the heart’s workload.2,3 

Despite these advancements, the incidence of HF as a direct consequence of MI remains 

high suggesting that the current therapeutic regimen fails to target key aspects of the 

pathophysiological mechanisms leading to HF.3,4  An early and crucial step in the process 

of cardiac repair is the inflammatory reaction that begins with the influx of neutrophils and 
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macrophages that absorb the necrotic tissue.5-8 However, unbridled inflammation fueled by 

continuous up-regulation of pro-inflammatory cytokines can exacerbate tissue damage, 

thus contributing to adverse cardiac remodeling and non-contractile scar formation that 

ultimately culminates in HF.9-12 Much interest has been devoted to studying the role of 

inflammation in the progression of HF, and interestingly, many pharmacological therapies 

with demonstrated efficacy for the management of the disease exhibit anti-inflammatory 

properties distinct from their perceived primary mechanism of action, suggesting 

modulation of inflammation as a contributing factor to the clinical benefit ascribed to these 

medications.4,9 

The pro-inflammatory cytokine TNFα is an extensively studied potential therapeutic 

target implicated in many of the processes involved in the development of HF. The 

pathological mechanism for TNFα mediated myocardial dysfunction is thought to occur 

through a combination of factors that includes induction of reactive oxygen and nitrogen 

species, initiation of pro-inflammatory cytokine cascades and down-regulation of 

contractile proteins.13-18 Infusion of TNFα to rats and dogs with normal cardiac function at 

levels comparable to that reported in patients with chronic heart failure (CHF) has been 

shown to depress ventricular function and cause adverse remodeling, recapitulating CHF 

conditions.13,15  However, several reports have also indicated that TNFα involvement in the 

early repair process is important in that physiological levels of TNFα can be 

cardioprotective.19-21 Therefore, selection of an optimal therapeutic window as well as 

duration of action are critical in targeting TNFα as an anti-inflammatory therapy in order 

to suppress the elevated inflammatory response immediately following MI. 
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Despite the volumes of encouraging pre-clinical data for TNFα antagonism, human 

trials employing a soluble TNFα receptor (etanercept) or a monocolonal antibody 

(infliximab) designed to neutralize TNFα have failed to demonstrate long-term clinical 

benefit in patients with chronic HF post-MI.22 Failure analyses of these studies showed that 

these protein based therapeutics can act as agonists and stabilizers of TNFα (etanercept) 

and even induce cytotoxicity in cells (infliximab), which renders them highly unsuitable as 

therapeutic candidates in the context of HF.22,23 Results from these trials demonstrate a 

clear need for careful selection of the mechanism of TNFα antagonism, as the nature of 

inhibition is a crucial factor for an anti-inflammatory therapy in the setting of heart failure. 

Furthermore, while the past clinical trials have targeted patients with advanced chronic 

heart failure, mounting evidence suggests the importance of early intervention to contain 

the initial inflammatory phase post-MI in order to halt the progression of the disease as 

opposed to treating the symptoms of chronic inflammation at later stages.24 Therefore 

designing and evaluating approaches to deliver transient, but potent suppression of TNFα 

during the critical acute inflammatory stage is an important step towards successfully 

translating TNFα antagonism as a treatment strategy for acute MI.  

Gene silencing therapeutics derived from nucleic acid oligomers are excellent 

candidates that can circumvent many of the above mentioned limitations of the protein 

based strategies since they are potent, yet transient in regulating target gene expression. 

We investigated catalytic DNA, a novel modality of gene silencing molecules, to inhibit 

TNFα mRNA. These DNA enzymes (DNAzymes) are composed of a 15 base catalytic core 

and flanked by two recognition arms that can selectively degrade target mRNA 

independent of RNAi, thus avoiding the need to hijack the host cell’s machinery for 
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catalysis. Compared to siRNA mediated gene silencing, they offer the added advantages of 

enhanced stability (DNA versus RNA), cost-effecive synthesis and lack of immune 

response caused by double stranded RNA. DNAzyme therapies have shown great potential 

in pre-clinical trials in treating a wide variety of ailments ranging from cancer to spinal 

cord injury including myocardial infarction, notably targeting transcription factors c-Jun 

and Egr-1 for knockdown.25-29 DNAzymes are also currently in human trials for treating 

nasopharyngeal carcinoma.30 However, delivery of therapeutic nucleic acids is an immense 

challenge due to the difficulties in getting highly negatively charged oligomers across a 

cell membrane and protecting them from nuclease-mediated degradation.31,32 Current 

delivery methods include complexing of nucleic acids to cationic lipids, although inherent 

toxicity and the positively charged surface characteristics that elicit immune responses 

deem such vehicles unsuitable for treating inflammatory pathologies.33 A powerful, yet 

emerging approach for transfection entails spatially organizing therapeutic 

oligonucleotides into a compact spherical nanostructure.34,35 Such structures enable very 

efficient transfection through a scavenger receptor mediated mechanism.36 In fact, 

transfection is so efficient that spherical nucleic acids have been shown to readily enter a 

mouse’s epithelial layer to regulate EGFR expression and even cross the blood brain barrier 

to treat glioblastoma.37,38 In previous work, we have demonstrated enhanced catalytic gene 

silencing activity demonstrated by DNAzymes when functionalized in similar spherical 

nucleic acid structures39. Herein, we tested whether DNAzyme functionalized gold 

nanoparticles could be effective anti-inflammatory agents in the heart by regulating TNFα 

expression in a rodent model of MI with the ultimate goal of minimizing damage to the 

heart and preventing HF. 
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3.2 Results and Discussion 

3.2.1 Synthesis and characterization of DzNPs 

Citrate stabilized gold nanoparticles were synthesized by reducing chloroauric acid 

(HAuCl4) with sodium citrate. The gold particles were functionalized with thiolated DNA 

via self-assembly with salt titration incorporated to achieve high density DNA loading 

(Figure 3.1a). Particles were functionalized with catalytically active (Dz), inactive (i-Dz) 

or active but nonspecific DNAzyme (NS-Dz) with a loading of 99±3, 109±7, and 65±2 

oligonucleotides per nanoparticle, respectively. This equates to a high surface density 

ranging from 6 – 9 nm2/DNA, sufficient to ensure optimal activity. It should be noted that 

NS-Dz has a lower DNA density on the particle due to possessing a stable secondary 

hairpin structure. For in vitro and in vivo imaging studies, Cy5-labeled nonspecific 

DNAzyme modified particles (Cy5-NS-Dz) were synthesized in a similar manner. The 

resulting particles were very homogeneous and monodisperse with a mean particle 

diameter of 14±3 nm as determined by TEM analysis. The extinction spectra showed a 

peak at 525 nm corresponding to the nanoparticle’s surface plasmon resonance (Figure 

3.1b-d).  
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Figure 3.1. (a) Schematic showing the approach used to synthesize DNAzyme modified gold nanoparticles. 

Thiolated DNA was mixed with gold nanoparticles, and the salt concentration was gradully increased. (b) 

Representative TEM image of the 14 nm citrate stabilized gold nanoparticles. (c) Particle polydispercity was 

determined by histogram analysis of TEM images. (d) Extinction spectra of citrate stabilized (AuNP) and 

DNAzyme functionalized gold nanoparticles (DzNP) showing the surface plasmon resonance at 525 nm. 

 

 

3.2.2 Internalization of DzNPs by macrophages and myocytes in vitro 

Intracellular uptake is a key requirement for the successful delivery of nucleic acids. 40 

We tested the cellular uptake of these particles in macrophages by measuring fluorescence 

of RAW 264.1 macrophages treated with 5 nM Cy5-NS-Dz particles (300 nM DNA) in 

vitro. We observed non-punctate, diffuse fluorescence intracellularly (Figure 3.2a) in 

macrophages treated with the Dz-NPs at the 1 hour time point. This indicates that the DNA 

is diffusely localized to the cytoplasm, in agreement with literature precedent for other cell 

types.34 We qualitatively compared the particle uptake with the most commonly used 

commercial transfection reagent Lipofectamine® RNAiMAX complexed with equivalent 

DNA concentration (300 nM) through a time course of 24 hours. While the DzNPs were 

taken up by macrophages as early as 1 hour (Figure 3.2b, left) and are continually taken 
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up through 24 hours, Lipofectamine®-mediated transfection was only detected inside cells 

at the 24 hour time point, and in punctate signals indicating possible entrapment within the 

endosomal compartments (Figure 3.2b, right). Phagocytic cells such as macrophages are 

a particulalry challenging target for transfection and gene silencing, as they are 

programmed to take up and degrade foreign particles. However, the mechanism of particle 

internalization is dependent on particle size. Particles below 500 nm in size are usually 

taken up via endocytosis in phagocytic and non-phagocytic cells,41 which is preferable in 

the context of therapeutic delivery. Accordingly, we further show that these particles are 

taken up by non-phagocytic adult rat cardiomyocytes at 18 hours following transfection. 

Notably, there was no observable fluorescence in cardiomyocytes transfected with Cy5-

DNA utilizing Lipofectamine® RNAiMAX (Figure 3.2c,d).  
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Figure 3.2. (a) RAW 264.7 macrophages were treated with 5 nM Cy5 labeled NS-DNA modified 

AuNPs. Following 1 hour of treatment, cells were imaged using confocal microscopy to visualize 

cytoplasmic localization of Cy-5-DNA. Representative Z-stack image confirms internalized 

nanoparticles within macrophages (scale bar, 30 µm). (b) Uptake efficiency was compared in 

macrophages treated with equivlant cocnentraions of DNA containing Dz-particles at 1 hour (left) 

or lipofectamine® transfection reagent for 24 hours (right). DNA (red, Cy5), Nucleus (blue, DAPI). 

(Scale bar, 30 µm). Adult rat cardiomyocytes were fixed and imaged 18 hours post-transfection 

with 5 nM Cy5 labeled DNA by Cy5-dzNPs (c) or Lipofectamine® mediated transfection (d). DNA 

(red, Cy5), Nucleus (blue, DAPI), cellular morphology stain (green, FITC-Maleimide). 

 

3.2.3 DzNPs in vitro cytotoxicity 

We investigated whether DNAzyme functionalized AuNPs are a biocompatible 

delivery vehicle and whether we could deliver catalytically active Dz into macrophages 

and inhibit TNFα expression in vitro. In order to establish an in vitro model to demonstrate 

knockdown of TNFα we stimulated primary peritoneal cavity isolated macrophages with 

bacterial endotoxin LPS to upregulate the production of TNFα following particle treatment. 

LPS stimulates TNFα expression via activation of the Toll Like Receptor (TLR), 

orchestrating a potent inflammatory response, and therefore TNFα expression additionally 

serves as a surrogate assay to evaluate the cytotoxicity profile of particle uptake compared 

to the commonly used transfection reagent Lipofectamine® RNAiMAX. Upon treatment 

with Lipofectamine®, macrophages exhibited ~4 fold higher TNFα levels compared to the 

basal LPS stimulation, illustrating the cytotoxic response elicited by cationic lipids, which 

are widely used for nucleic acid delivery. The nonspecific DNAzyme particle (NS-Dz) 

treatment caused no significant additional cytotoxicity over the control group (Figure 3.3), 

thus indicating that DNAzyme functionalized particles do not elicit cytotoxicity and are 

suitable for applications in an inflammatory disease context such as the post-MI 

myocardium.  
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Figure 3.3. Plot showing the fold change in TNFα levels in untreated and LPS-stimulated 

macrophages that were also treated with lipofectamine® as well as NS-Dz AuNPs. TNFα levels 

were measured using an ELISA kit at the 24 hour time point and were normalized to untreated LPS 

stimulated cells and reported as fold changes in TNFα. Grouped data (mean ± SEM, n=3).  

 

3.2.4 In vitro TNFα knockdown 

To determine the intracellular catalytic activity of DNAzyme AuNP conjugates within 

the in vitro macrophage model, active and inactive DNAzymes modified particles were 

synthesized targeting the start codon (AUG) of the TNFα mRNA displaying minimal 

secondary structure. The recognition arms were 7 and 10 bases in length, which was 

designed based on literature precedent defining DNAzyme design rules as shown in Figure 

3.4a.26 A single base mutation was introduced in the 15 base catalytic core to inhibit 

DNazyme activity of the i-Dz sequence, thus allowing one to distinguish antisense 

knockdown from DNAzyme mediated knockdown (Figure 3.4a). To minimize DNAzyme 

degradation, four 2’-methyl ether modifications were added to the termini of the 

recognition arms. Surprisingly, initial tests using DNAzymes with 10 mer long arms 

showed limited activity, and Dz and i-Dz treated macrophages showed only 14% and 2% 
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knockdown, respectively (Figure 3.4). We hypothesized that this was caused by product 

inhibition due to high stability of the 10 base recognition arms.  

 

Figure 3.4. (a) Schematic showing the original DNAzyme design targeting TNFα mRNA (green) 

with recognition arm lengths 10 and 7 base pairs and eight 2’ methyl ether modifications (*, yellow) 

to enhance stability. The inactive DNAzyme has a single base mutation shown in red to inhibit 

RNA hydrolysis. (b) In vitro TNFα knockdown in primary macrophages where cells were treated 

with either active (Dz), inactive (i-Dz), or non-specific (NS-Dz) DNAzyme modified gold 

nanoaprticles at 10 nM or 20 nM concentrations. TNFα expression was measured by ELISA and 

the results were normalized to NS-Dz treated cells and reported as percent TNFα expression. Little 

knockdown (2% and 14% for Dz and i-Dz, respectively) was observed for cells treated with 

particles at 10 nM concentrations where higher knockdown (23% and 30% for Dz and i-Dz, 

respectively) was observed for cells treated with 20 nM concentration. At both concentrations, little 

difference was observed between Dz and i-Dz modified particles due to product inhibition. In the 

optimized design, the 10 base pair recognition sequence was decreased to 7 base pairs, which 

significantly increased knockdown.  

To address this concern, the recognition sequence for one of the arms was shortened 

from 10 to 7, in addition to changing the two terminal thymidine bases in the T10 spacer 

region to two cytosines, to reduce the affinity to the mRNA target. In the optimized design 

(Figure 3.5a), compared to control LPS stimulated cells, only Dz particles showed 

significant (~50%) reduction in TNFα levels while NS-Dz and i-Dz particles showed no 

effect (Figure 3.5b). Together, these results show that spherical nucleic acids can 

efficiently deliver catalytically active DNAzymes to macrophages and decrease the 

expression of TNFα in activated macrophages. 
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Figure 3.5. (a) Schematic showing the sequences used for the Dz, iDz, and Dz-NS AuNP 

conjugates. Green indicates the mRNA sequence, underlined bases denotes the location of 

phosphodiester hydrolysis. The red base shows the location of the mutation that leads to inhibition 

of Dz catalytic function. b) Plot of TNF-α expression levels when macrophages are treated with 

NS-Dz, i-Dz, and Dz AuNP conjugates at the 24 hour time point. Grouped data (mean +/- SEM; 

n=6). (*p<0.05, **p<0.01, ***p<0.001; One way ANOVA followed by Tukey’s Multiple 

Comparison post-test. 

 

3.2.5 Ex vivo biodistribution of DzNPs determined by fluorescence imaging 

We next investigated the ability of these particles to deliver DNAzymes to the 

myocardium in a rat model of MI. Cy5-NS-Dz modified gold particles were injected 

intramyocardially to 3 different regions of the infarct following MI surgery. This route of 

delivery is clinically relevant in the context of MI since routine interventional procedures 

such as primary percutaneous interventions (PCI) post-MI require catheterization and can 

be leveraged for site-specific therapeutic administration.42 The time-course ex-vivo 

bioimaging revealed strong Cy5 fluorescence emitting from the heart for all 3 days tested 

indicating efficient particle uptake and retention in the myocardium following injection for 

at least 3 days (Figure 3.6). Due to the pulsatile nature of the heart, as anticipated, particles 
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are introduced to the blood circulation to a certain extent, and secondary to the heart, they 

predominantly biodistribute to the kidney and liver, suggesting renal and/or hepatobilary 

clearance.     

 

Figure 3.6. (a) Schematic of ligation of the coronary artery to cause permanent ligation MI in rats 

followed by particle injection. (b) Fluorescence images of hearts from each day following injection. 

The heat map indicates the Cy5 emission intensity in arbitrary units. (c) Fluorescence intensity of 

all organs imaged from days 0, 1, 2 and 3 (n=1). The Cy5 fluorescence intensity is expressed in 

arbitrary units. 

 

3.2.6 In vivo activity of DzNPs towards down regulation of TNFα 

To test the potential of DNAzyme functionalized AuNPs as an anti-inflammatory agent 

for the treatment of acute MI, we investigated the effect of injecting these particles to the 

myocardium of rats immediately following experimental MI. We used cardiac 

echocardiography, invasive hemodynamics measurements at a 3-day acute time point, and 

also measured the inflammatory gene expression profile in the left ventricular infarct tissue. 

As shown in Figure 3.7a, all groups receiving MI demonstrated significantly reduced 

cardiac function (p < 0.001) as measured in absolute change in fractional shortening 
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compared to sham animals. While there was no effect for NS-Dz or i-Dz particle treated 

groups, Dz particle treatment significantly restored function by ~40% compared to the 

untreated MI group (p < 0.01). The invasive hemodynamics measurements also indicated 

a trend towards improvement in both the ejection fraction (%EF) and in the parameters that 

measure the rate of change of pressure in the left ventricle chamber (dp/dt) in the Dz 

particle treated group (Figure 3.7b,c). Corresponding to the functional improvement, 

delivery of Dz significantly reduced the TNFα mRNA levels in LV tissue compared to all 

controls and further, exhibited no statistical significance from sham controls (Figure 3.7d).  

 

Figure 3.7. (a) There was a significant decrease in cardiac function in animals that received an MI 

compared to sham as demonstrated by % FS.  Among treatment groups, there was a significant 
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restoration in function only in the Dz treated rats compared with untreated MI and i-Dz groups. (b) 

There was a trend towards depression of function using the dp/dt parameter in all animals that 

underwent MI except for the Dz treated group. However, there was no statistical significance in 

these parameters in any of these groups. (c) A significant reduction in % Ejection Fraction (%EF) 

was observed in all animals that underwent MI compared to sham animals. Although not 

statistically significant compared to MI group, Dz treated group showed a trend of improved %EF 

(d) A significant upregulation of TNFα expression was observed in animals that received an MI 

compared to sham. There was a significant decrease in mRNA expression in the LV infarct issue 

only in the Dz treated rats compared with all controls. Gene expression was evaluated by qRT-PCR 

using the quantitative standard curve method, and the results were normalized to GAPDH levels 

and reported as fold changes in copy number of mRNA levels compared to sham animals. Grouped 

data (mean ± SEM; n=5-9 for each group, n=41 total) from 3 days. (*p<0.05; (**p<0.01 

***p<0.001; one-way ANOVA followed by Tukey’s Multiple Comparison post-test). Plots 

represent grouped data (mean ± SEM; n=5-9) from 3 days. 

 

Several studies have illustrated the central role that TNFα plays in myocardial 

dysfunction by propagating pro-inflammatory cytokines such as IL-6 and IL-1β that 

acutely regulate myocyte survival/apoptosis and trigger further cellular inflammation 

including oxidative stress and recruitment of inflammatory cells to the infarct.12,43-45 

Therefore, to determine the downstream effect by down regulating TNFα by DNAzymes, 

we measured the gene expression profile of commonly upregulated pro-inflammatory 

mediators IL-12β, IL-1β, IL-6 as well as iNOS, an inducible form of Nitric oxide (NO) 

synthase stimulated by cytokines such as TNFα and IL-1β (Figure 3.8).46 Silencing TNFα 

gene expression resulted in a strong anti-inflammatory effect that disrupted the gene 

expression of these pro-inflammatory markers.  
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Figure 3.8. Grouped data (mean ± SEM; n=5-9) from LV infarct tissue at 3 days following MI and 

injection. There was a significant upregulation in gene expression of pro-inflammatory cytokines 

(a) IL-12β, (b) IL-1 β, (c) IL-6 as well as (d) iNOS enzyme in infarct LV tissue compared to sham 

animals, and was significantly reduced in Dz treated animals. Gene expression was evaluated by 

qRT-PCR using the quantitative standard curve method, and the results were normalized to 

GAPDH levels and reported as fold changes in copy number of mRNA levels compared to sham 

animals (*p<0.05;**p<0.01;*** p<0.001 vs. MI; one-way ANOVA followed by Dunnett’s 

Multiple Comparison post-test).  

 

Systemic levels of these cytokines measured from plasma reflected the local gene 

expression patterns and exhibit a strong trend for Dz treatment mediating an anti-

inflammatory effect (Figure 3.9 a-c). Moreover, the endogenous anti-inflammatory 

cytokine IL-10 did not show any statistically significant changes in local gene expression 

(Figure 3.10). In fact, it exhibited a trend of upregulation in plasma levels with Dz 

treatment (Figure 3.9d). Together, these effects result in a lower ratio of IL-12/IL-10 in 



78 

 

systemic circulation, which is a surrogate measure of anti-inflammatory response due to 

the apparent opposing relationship  of these cytokines and positive implications in 

resolution of inflammation.47  

 

Figure 3.9. Grouped data (mean ± SEM; n=3-9 per group) from plasma at 3 days. Although there 

was no statistically significant differences in any of the groups, there were consistent trends towards 

downregulation of pro-inflammatory cytokines (a) IL-12β, (b) IL-1β, (c) IL-6 and potential trend 

towards an increase in anti-inflammatory cytokine (d) IL-10 in the plasma of Dz treatment groups. 

Data was analyzed using the Luminex Multiplex system and reported as plasma cytokine 

concentrations, quantitatively derived from standard curves of each cytokine. 
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Figure 3.10. Grouped data (mean +/- SEM; n=5-9 per group) from LV infarct tissue at 3 days. A 

significant up-regulation of IL-10 expression was observed in animals that received an MI 

compared to sham, and no significant changes in IL-10 mRNA expression in any of the treatment 

groups. Gene expression was evaluated by qRT-PCR using the quantitative standard curve method 

and the results were normalized to GAPDH levels and reported as fold changes in copy number of 

mRNA levels compared to sham animals (*p<0.05;**p<0.01;*** p<0.001 vs. MI; one-way 

ANOVA followed by Dunnett’s Multiple Comparison post-test). 

 

 

3.3 Conclusion 

Taken together, we demonstrate the first example of using catalytic Dz-AuNPs as an 

in vivo therapeutic. This likely represents the tip of iceberg, and given the broad range of 

therapeutic targets that have been proposed and tested for soluble DNAzymes, we expect 

that DNAzyme-AuNP conjugates to present an important and viable route for re-examining 

their efficacy in clinical settings. Specifically, this work shows potent gene silencing in 

vivo via catalytic DNA particles, and identifies significant anti-inflammatory effects 

brought about as a direct consequence of suppressing the pro-inflammatory cytokine TNFα 

in an acute MI setting. While this study shows promising acute functional improvement 

likely brought about by the anti-inflammatory effect of TNFα mRNA specific Dz treatment 
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at the initial inflammatory stage post-MI, follow up studies evaluating the chronic effects 

of this treatment on cardiac remodeling and chronic function are needed to determine 

whether repeated administrations are necessary to sustain the benefits of transient 

knockdown of TNFα. High concentrations of TNFα has been shown to contribute to 

structural alterations in the failing heart and often used as an indicator of CHF as described 

earlier. Therefore, TNFα gene regulation by DNAzyme-AuNPs merits further investigation 

beyond acute modulation. 12,14,16 Despite these limitations, this study presents a strong case 

for early anti-inflammatory intervention and the potential to revive TNFα blockade as a 

viable therapeutic avenue for the prevention of chronic heart failure. 

3.4 Material and Methods 

3.4.1 Oligonucleotide sequences 

ID Sequence (5’-3’) 

IL-6β 
F: CAGAGTCATTCAGAGCAATAC 

R: CTTTCAAGATGAGTTGGATGG 

 

 

IL-1β 
F: TAAGCCAACAAGTGGTATTC 

R: AGGTATAGATTCTTCCCCTTG 

IL-10 
F: CCTGGTAGAAGTGATGCCCC 

R: TGCTCCACTGCCTTGCTTTT 

IL-12β 
F: AGACCCTGCCCATTGAACTG 

R: CAGGAGTCAGGGTACTCCCA 

TNFα 
F: TCTTCTGTCTACTGAACTTCG 

R: AAGATGATCTGAGTGTGAGG 

GAPDH 
F: CCAGCCCAGCAAGGATACTG 

R: GGCCCCTCCTGTTGTTATGG 

Dz mGmUmGmCTCAGGCTAGCTACAACGAGGTmGmUmCmCCCT8-SH 

i-Dz mGmUmGmCTCAAGCTAGCTACAACGAGGTmGmUmCmCCCT8-SH 
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NS-Dz mGmAmCmGCGAGGCTAGCTACAACGACAAmGmCmGmCCCT8-SH 

Cy5-NS-Dz Cy5- mGmAmCmGCGAGGCTAGCTACAACGACAAmGmCmGmCCCT8-SH 

Dz(10/7) mGmUmGmCTCAGGCTAGCTACAACGAGGTGTCmCmUmUmUT8mUmU-SH 

i-Dz(10/7) mGmUmGmCTCAAGCTAGCTACAACGAGGTGTCmCmUmUmUT8mUmU-SH 

Table 3.1. List of all the oligonucleotide sequences.  

 

3.4.2 Gold nanoparticle synthesis 

Citrate-stabilized gold nanoparticles (AuNP; 14±3 nm) were prepared using published 

procedures.54 A 500 mL solution of 1 mM hydrogen tetrachloroaurate(III) trihydrate 

solution was brought to a vigorous boil, and once boiling, 50 mL of a 38.8 mM sodium 

citrate tribasic dihydrate solution was added and allowed to reflux for 15 min. The reaction 

mixture was filtered using a 0.45 μm acetate filter, producing monodisperse AuNPs. The 

surface plasmon resonance wavelength of the gold nanoparticles was determined using 

UV-vis absorbance spectrometry, and particle size was determined using transmission 

electron microscopy (TEM). 

 

3.4.3 DzNP synthesis  

Disulfide-modified oligonucleotides at the 3’ terminus were purchased from Integrated 

DNA Technologies (IDT). The disulfide was reduced to a free thiol by incubating 50 nmols 

of lyophilized oligonucleotide with 1.0 mL of disulfide cleavage buffer (0.1 M 

dithiothreitol (DTT), 170 mM phosphate buffer at pH 8.0) for 3 hours at room temperature. 

The reduced oligonucleotides were purified using a NAP-25 column (GE Healthcare, 

Piscataway, NJ) with Nanopure water as the eluent. Subsequently, 40 nmol of DNA was 
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added to 10 mL of 14 nm gold nanoparticles (10 nM), bringing the final concentration of 

oligonucleotide and gold nanoparticles to ∼3.0 μM and ∼7.0 nM, respectively. The pH of 

the solution was adjusted to pH 7.4 by adding 1/10th the total volume (~133 μL) of 100 

mM phosphate buffer, thus bringing the phosphate buffer concentration to 9 mM. The 

particles were stabilized by adding sodium dodecyl sulfate (SDS) to the solution and 

bringing the SDS concentration to 0.1% (g/mL) by using a stock solution of 10% SDS. The 

particles were successively salted with eight NaCl additions that were spaced 20 min apart 

using a stock solution of 2.0 M NaCl and 10 mM phosphate buffer. The final NaCl 

concentration of the DNA AuNP solution was increased to 0.7 M. The first two NaCl 

additions increased the concentration by 0.05 M increments, while the remaining six NaCl 

additions increased the NaCl concentration by 0.1 M increments. The particles were 

immediately sonicated for 10 s after each salt addition to maximize DNA packing, as 

indicated in literature.55 Fully salted particles were then incubated overnight, in the dark at 

room temperature. We found that the 10-23 active catalytic core of the DNAzyme had a 

tendency to drive the formation of nanoparticle aggregates at 0.7 M NaCl due to partial 

self-complementarity of sequences. The formation of these aggregates did not result in any 

observable reduction in the quality of the particles (as measured by UV-vis absorbance, 

stock solution (under high salt and excess DNA) at 4℃ until needed, for a maximum 

duration of 1 month. Note that Dz-conjugated particles that were washed and stored in 

Nanopure water for more than one week displayed a decrease in their gene-regulation 

activity, Figure 3.11 (no salt or excess DNA). Therefore, particles only washed prior to 
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knockdown studies, where particles were centrifuged down four times at 13,500 rpm, 

filtered using a 0.2 µm filter, and reconstituted in PBS.  

 

Figure 3.11. A plot showing Dz (7/7 b.p. recogntion arms) mediated in vitro TNFα knockdown in 

primary macrophages for cells treated with particles that were stored in Nanopure water for varied 

amounts of time (t= 1d, 8d, and 15d). Cells were treated with 10 nM particle concentration for 20 

h. TNFα expression was measured by ELISA and the results were normalized to NS-Dz treated 

cells and reported as percent TNFα expression. Approximately 1.5% decrease in particle activity 

per day was observed due to instability of the particles stored in Nanopure water. For in vitro and 

in vivo studies, freshly modified particles were used and were stored in the reaction solution (excess 

DNA and high salt concentration) rather than Nanopure water.   

 

3.4.4 Quantification of DNAzyme loading density on gold nanoparticles 

The commercial Quant-iTTM OliGreen® ssDNA kit was used to determine the total 

DNAzyme density per particle. The Quant-iTTM OliGreen® ssDNA kit required 

preparation of a calibration curve by diluting a DNA stock solution (4 μg/mL) composed 

of the same thiolated oligonucleotide used during particle functionalization to 0.1, 0.2, 0.5, 

0.75, 1.0, and 2.0 μg/mL at a final volume of 100 μL in 1x TE buffer. DNAzyme particle 

solutions were prepared by diluting a ~10 nM stock solution to 0.4, 0.6, and 0.8 nM with 

TE buffer. The oligonucleotides were then released from the particle by 

oxidizing/dissolving the gold with potassium cyanide (KCN). This was performed by 

adding 1 μL of a 5 M stock solution of KCN to each well, including the calibration wells 
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to ensure an accurate calibration curve and blank subtraction. The samples were incubated 

with KCN for 30 min to ensure complete dissolution. After complete dissolution of the 

gold nanoparticles, 100 μL of the freshly prepared 1x Quant-iTTM OliGreen® solution was 

added to each well and fluorescence intensities (485/528 nm excitation/emission) of each 

well were then measured using a Bio-Tek Synergy HT plate reader to determine the total 

DNA density.  

 

3.4.5 Cell culture 

RAW 264.7 macrophages obtained from American Type Culture Collection (ATCC 

number: TIB-71) were maintained at 37°C under a humidified atmosphere of 5% CO2 in 

Dulbecco’s Modified Eagle’s Medium (DMEM) containing 10% (v/v) fetal bovine serum 

(FBS), supplemented with penicillin (100 U/mL) and streptomycin (100 mg/mL) and 2 

mM L-Glutamine. For primary macrophage culture, peritoneal macrophages were isolated 

from Sprague Dawley rats as described previously 56. Briefly, cold PBS was infused into 

the peritoneal cavity of rats and cellular lavage was collected, spun down at 1000 x g at 

4°C for 10 minutes, following which cell solution was resuspended in media described 

above. The cell solution was plated in 24-well plates (3x106 cells/well) and left to adhere 

overnight for treatment the following day. Primary single ventricular myocytes culture 

from Sprague Dawley rat hearts is described in supporting information. 

 

3.4.6 DzNP uptake in macrophages and myocytes 

To confirm the intracellular distribution of DNA delivered by DNA modified gold 

nanoparticles, RAW264.7 macrophages or adult rat cardiomyocytes were treated with Cy5 

labeled DNAzyme functionalized gold particles for 1 hour (5 nM particle concentration 
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equivalent to 666.7 nM DNA concentration) and then washed in PBS three times, fixed in 

4% PFA and stained with DAPI for nuclei and calcein for macrophages or FITC Maleimide 

for cardiomycocytes to delineate the cell surface, and imaged using laser scanning confocal 

microscopy (Zeiss LSM 510 META) to identify Cy5 fluorescence within the cells to 

indicate internalization of Cy5-DNA modified gold particles. Further, particle uptake was 

compared with commercially available Lipofectamine® RNAiMAX reagent (Life 

Technologies) mediated transfection at 1, 4, 18 and 24 hours using fluorescence 

microscopy in live cells for macrophages, and in fixed cells at 18 hours for cardiomyocytes. 

3.4.7 In vitro silencing of TNFα with DzNPs 

For TNFα knockdown studies, peritoneal macrophages were treated with three types 

of particles, active (Dz), inactive (i-Dz) or active but nonspecific (NS-Dz) at a particle 

concentration of 10 nM/well (1.3 After 20 hours of treatment, the media was 

removed and the cells were re-treated with the same concentration of particles while at the 

same time receiving stimulation with LPS (5 ng/ml) to induce TNFα production. After 4 

hours of stimulation, 100 uL of media was collected from each sample and analyzed for 

secreted TNFα via ELISA according to the manufacture’s protocol (eBioscience).  

 

3.4.8 DzNP in vitro cytotoxicity 

Cytotoxicity of DNAzyme particles was compared with a commercially available, 

commonly used transfection reagent, using pro-inflammatory cytokine TNFα itself as a 

surrogate cytotoxicity indicator. Primary peritoneal macrophages were transfected with 

either Lipofectamine® RNAiMAX containing scrambled DNA or NS-Dz for 20 hours, and 

stimulated with LPS (5 ng/mL) for 4 hours to induce TNFα production. Extracellular 

medium was collected and TNFα production quantified by ELISA.  
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3.4.9 Myocardial infarction and particle injection 

A randomized and blinded study was conducted using adult Sprague Dawley rats. The 

animals were assigned to treatment groups (n=6-9) using a random number generator and 

the animal surgeon was only given letter codes to identify groups. While one group was 

subjected to a sham surgery, the other four groups received myocardial infarction via 

permanent ligation of the left descending artery. Briefly, the animals were anesthetized (1-

3% isoflurane) and following tracheal intubation, the heart was exposed by separating the 

ribs. Myocardial infarction was performed by ligation of the left anterior descending 

coronary artery. For groups receiving particle injections, immediately after coronary artery 

ligation, 100 µL of one of the following DNAzyme modified particles were injected into 

the cyanotic ischemic zone (3 locations) through a 25-gauge needle while the heart was 

beating: Dz, i-Dz or NS-Dz. The dose of DNAzyme injected was 0.07 mg/kg (100 nM 

particle concentration). Following injection, the chests were closed and animals were 

allowed to recover on a heating pad until functional assessments were made 3 days 

following MI surgery using echocardiography (Acuson Sequoia 512 with a 14 MHz 

transducer) and invasive pressure-volume hemodynamics (Millar Instruments). These 

studies conformed to the Guide for the Care and Use of Laboratory Animals published by 

the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and all 

animal studies were approved by Emory University Institutional Animal Care and Use 

Committee. 

3.4.10 In vivo imaging  

Rats were subjected to MI as described above and Cy5 labeled NS-Dz gold particle 

conjugates were injected in 3 areas in the border zone surrounding the infarct. Rats were 
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sacrificed and the hearts, liver, spleen and kidneys were harvested and imaged on days 0, 

1, 2, and 3 post-injection (n=1 per time point) using Bruker In-Vivo Xtreme. The Cy5 

fluorescent intensity in these organs was plotted as arbitrary fluorescence over time to 

demonstrate retention of the particles up to 3 days in the heart. 

3.4.11 Echocardiography and invasive pressure-volume hemodynamics analysis 

In a separate study, rats were subjected to MI surgery and injections as described above, 

and 3 days post-surgeries and treatment anesthetized rats were subjected to 

echocardiography (Acuson sequoia 512) and invasive pressure-volume hemodynamics 

(Millar MPVS instruments) analyses to assess the functional effects of treatment. From 

echocardiography, short axis values of left ventricular end systolic (ES) and end diastolic 

(ED) dimensions were obtained. An average of 3 consecutive cardiac cycles was used for 

each measurement and was performed three times in by a blinded investigator. Fractional 

shortening was calculated as [(end-diastolic diameter – end-systolic diameter)/(end-

diastolic diameter)] and expressed as a percentage. For invasive hemodynamics, the 

pressure-volume probe was inserted into the left ventricle. After stabilization, baseline left 

ventricular pressure-volume loops were recorded for at least 10 cardiac cycles and data 

averaged to get mean values for each animal. Data extracted include +dP/dT, -dP/dT and 

left-ventricular Ejection Fraction (%EF). 

3.4.12 In vivo gene expression and plasma cytokine analysis  

Following functional measurements at 3 days, animals were sacrificed and the left 

ventricle infarct tissue was harvested and homogenized, which the total RNA contents were 

isolated using Trizol (Invitrogen) according to the manufacturer’s protocol. 

Complementary DNA (cDNA) was synthesized using SuperScript III kit (Invitrogen) and 
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the quantitative real-time PCR (qRT-PCR) was performed using Power SYBR Green 

(Invitrogen) master mix with Applied Biosystems StepOnePlusTM real time PCR system. 

Absolute quantification method was employed to analyze gene expression levels of each 

of the target genes. Standard curves for each of the primer sets (Table 3.1) were constructed 

with serial dilutions of input DNA templates and validated comparable amplification 

efficiencies (curve slopes: −3.32 to −3.64). Relative mRNA levels were obtained by 

extrapolation of Ct values from the slopes of the standard curve for each primer set. Gene 

expression levels were then normalized to the endogenous housekeeping gene GAPDH and 

further, expressed as fold changes compared to expression levels in sham animals in order 

to minimize batch-to-batch variability in tissue processing. Prior to sacrificing the animals, 

blood was collected via cardiac puncture, plasma separated from blood cells and stored in 

-700C until cytokine analysis using the Luminex multiplex analyzer system (Luminex 

LX100). A custom cytokine bead panel from ebioscience was used to analyze cytokines 

IL-12β, IL-1β, IL-6 and IL-10 in the plasma. 

 

3.4.13 Statistics 

All statistical analyses were performed using Graphpad Prism 5 software. Quantitative 

results were presented as means ± SEM. Statistical comparisons were performed by one 

way analysis of variance (ANOVA) followed by the appropriate post-test as described in 

the figure legends. P values of less than 0.05 were considered significant. 
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Chapter 4: Rolling DNA-based motors with superdiffusive transport powered by 

RNase H 
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4.1 Introduction 

Inspired by biological motors, a number of synthetic motors have been developed as 

model systems employing a wide range of chemical reactions.1-6 DNA-based machines that 

walk along a track have shown the greatest promise in recapitulating the properties of 

biological motor proteins.1,7-14 However, the maximum distance traveled by the most 

processive DNA-based motors is ~1 µm.8,9,12 The velocity of these walkers is also limited 

to rates of ~1 nm/min due to a fundamental trade-off between motor endurance and speed. 

The problem is that DNA-walkers tend to spontaneously dissociate off their tracks, and 

while increasing motor multivalency improves track affinity and motor endurance (the 

mean distance travelled), this leads to a significant decrease in motor velocity. For 

example, increasing the multivalency of a DNAzyme-based motor from two anchors to six 

led to complete abrogation of motor transport.15 

Yet, in order for DNA based machines to transition beyond being an elegant model 

system for motor proteins and truly achieve their potential, both motor efficiency and 

velocity need to be enhanced by orders of magnitude. In addition, the sophisticated 

instrumentation currently required to observe DNA walkers needs to be greatly simplified 

to render DNA machines as useful. To overcome these challenges, we designed a highly 

multivalent motor that moves through a cog-and-wheel mechanism, allowing µm or nm 

sized particles to roll rather than walk. Rolling represents a fundamentally distinct type of 

movement that overcomes the documented tradeoffs inherent to multivalent molecular 

motors.15,16 In principle, this is because rolling reduces the DNA motor footprint, reducing 

unproductive sampling interactions, and thus increasing velocity.  
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The motor described herein consists of a DNA-coated spherical particle (5 µm or 0.5 

µm diameter particles) that hybridizes to a surface modified with complementary RNA. 

The particle moves upon addition of RNase H, which selectively hydrolyzes hybridized 

RNA but not single stranded RNA (Figure 4.1). Since the driving force for movement is 

derived from the free energy of binding new single stranded RNA that biases Brownian 

motion away from consumed substrate (Figure 4.1a), this type of motion is often described 

as a “burnt-bridge Brownian ratchet”. Note that the molecular walkers also employ a burnt 

bridge mechanism, where oligonucleotide hybridization is followed by 

DNAzyme/endonuclease hydrolysis of the fuel strand. The main difference between the 

molecular walkers and the system studied here is the massive multivalency of the DNA 

coated particles – molecular walkers typically employ 2-6 anchor points while our particle-

based motor employs thousands of anchoring strands. This equates to 100-1,000 fold 

greater contact area or 10-100 fold greater contact diameter with the surface when 

compared to molecular spiders. Hence, the micron sized length scale of the particle 

significantly increases the number of contacts with the surface, which should lead to 

collective and emergent properties not expected for DNA-based walkers. Importantly, we 

expected that our particles would overcome the diminished velocities due to high 

multivalency, as is predicted by theory, because the RNase H hydrolysis rate is 

approximately two orders of magnitude greater than that of DNAzymes and 

endonucleases.14,17,18 Moreover, highly multivalent motors are expected to display greater 

processivity, thus potentially addressing a major limitation of DNA walkers. Finally, the 

spherical particle template allows for the potential to roll, which is a fundamentally 

different mode for translocation for DNA based machines.  
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Figure 4.1. (a) DNA-modified particles were hybridized to an RNA monolayer presenting a 

complementary strand. Particles were immobile until RNase H was added, which selectively 

hydrolyzes RNA duplexed to DNA. (b) Schematic representation showing the hybridized 

oligonucleotide sequences at the particle-substrate junction. Note that there are hundreds of 

duplexes within this junction. RNA bases are shown in red, while the particle DNA bases are shown 

in blue. 

 

4.2 Results and Discussion 

4.2.1 Synthesis and stability of the RNA monolayer 

To test whether a massively multivalent motor can move along a surface, we first 

generated an RNA-monolayer on a substrate by immobilizing a DNA anchor strand to a 

thin gold film and then hybridizing a fluorescently labeled RNA-DNA chimera strand to 

the surface. The Cy3 fluorescence label at the 3' RNA terminus was used to determine the 

optimal conditions to reach maximum RNA density and to detect RNA hydrolysis using 

fluorescence microscopy (Figure 4.1b). The optimal anchor strand concentration was 

determined by varying its concentration until a saturation in Cy3 labeled RNA fluorescence 

was observed upon surface hybridization (Figure 4.2b), which indirectly relates to RNA 
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density. A saturation in fluorescence was observed at concentrations equal to or greater 

than 1 µM (Figure 4.2a). In order to quantify the RNA density on the surface, RNA was 

released from the surface through RNase A addition and the resulting fluorescence 

measured using the fluorescence microscope. The resulting average fluorescence intensity 

was fitted to a calibration curve constructed by measuring the fluorescence of known 

amounts of Cy3 labeled RNA (Figure 4.2c). Under optimal conditions, we achieved a 

maximum RNA density of 60,000 molecules/µm2, equivalent to an average molecular 

footprint of 20 ± 6 nm2 per RNA strand (Figure 4.2d). This RNA density was maintained 

for at least 4 hr in 1xPBS and 10 µM DTT, a thiol reducing agent necessary for maintaining 

RNase H activity (Figure 4.2e). In the absence of DTT, surfaces were stable for weeks in 

1xPBS. 
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Figure 4.2. (a) Bar graph showing how the DNA anchor strand incubation concentration alters the 

Cy3-RNA fluorescence intensity which is directly proportional to the RNA surface density. Error 

bars represent the standard deviation in the average fluorescence intensity from at least 5 regions 

across each channel. (b) A representative kinetic plot of hybridization between 3’Cy3-RNA (100 

nM) and surface immobilized DNA anchor strand in 1x PBS. Error bars represent the standard 

deviation in the average fluorescence intensity from at least 5 regions across each channel. (c) 

Fluorescence calibration curve for 3’Cy3-RNA measured using a fluorescence microscope (white 

circles). This calibration curve was fit using least squares regression analysis. The calibration curve 

was then used to quantify the concentration of released RNA through RNase A treatment from 

surfaces hybridized with varied concentrations of RNA 10 (red circle), 50 (green circle), 100 (blue 

circle), and 500 (yellow circle) nM RNA. (d) Plot showing the RNA surface density as a function 

of RNA concentration during Cy3-RNA hybridization with surface immobilized DNA anchor 

strand. The RNA density was maximized when RNA was hybridized at a concentration of at least 

100 nM. Error bars represent the standard deviation in the average fluorescence intensity from at 

least 5 regions across each channel. (e) A kinetic plot showing the 3’ Cy3-RNA fluorescence 

intensity as a function of DTT incubation time at concentrations of 10 µM (white), 100 µM (gray), 

and 1 mM (red) in 1xPBS. Error bars represent the standard deviation across at least 5 different 

regions from each micro-channel. Based on this analysis, we found that a 1 mM DTT solution led 

to ~50% loss of RNA after 4 hrs. Surfaces were stable for weeks in the absence of DTT in PBS. 
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4.2.2 Kinetic analysis of RNase H hydrolysis of surface immobilized RNA and the role of 

passivation 

Given that particle motion is intimately connected with RNase H efficiency and 

enzyme rates vary when substrates are immobilized, we initially measured hydrolysis 

kinetics for a DNA-RNA duplex monolayer. We found that PEG passivation was critical, 

since RNase H was inhibited when the surface was incompletely passivated (Figure 4.3). 

Initially, when measuring the hydrolysis of surface immobilized RNA, we found that 

RNase H was completely inhibited. Since RNase H contains multiple cysteine residues, we 

first suspected that enzyme inhibition was due to irreversible binding of the enzyme to the 

Au surface. To prevent nonspecific binding, the Au surface was passivated with 

SH(CH2)11(OCH2CH2)6OCH3 (SH-PEG) because PEG is known to greatly reduce 

nonspecific interactions with surfaces. To test the assumption that RNase H inhibition was 

due to Au film binding, the DNA monolayer surface was backfilled with SH-PEG under a 

range of conditions, where the SH-PEG concentration and the passivation time was varied. 

It was determined that complete surface passivation occurred after 4 hrs of incubation with 

a 100 µM SH-PEG solution. This was inferred by observing a saturation in the loss of 

fluorescence of FAM labeled DNA anchor strand (Figure 4.3b). Next, RNase H hydrolysis 

of surface immobilized RNA duplexed with DNA was investigated under the various 

passivation conditions by measuring the loss in fluorescence of Cy3 labeled RNA 

throughout the channel over time (Figure 4.3c-f). When the channel was SH-PEG 

passivated for shorter durations (2 hrs), we observed that the fluorescence intensity varied 

significantly across the length of the well; regions near the port where RNase H was added 

had the lowest intensities, while regions furthest away from this site showed minimal 
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substrate hydrolysis (Figure 4.3e top). In contrast, channels that were blocked for 6 hrs 

showed homogeneous fluorescence intensities indicating uniform RNase H activity levels 

(Figure 4.3e bottom). The variation in substrate hydrolysis as a function of passivation 

time is shown in figure 4.3f.   

 

Figure 4.3. (a) Schematic showing surface passivation with a thiolated PEG. (b) Bar graph 

summarizing the loss in fluorescence of the FAM labeled DNA anchor strand upon incubating the 

gold surface with SH-PEG under various concentrations and incubation times. Error bars represent 

the standard deviation of five fluorescence measurements across the length of the micro-channel. 

(c) Schematic displaying the fluorescence assay used to measure RNase H activity. (d) A 

photograph of the micro-channel array substrate used throughout the current work. Arrows 

indicated the location of where Cy3 fluorescence was obtained in relation to the channel port where 

RNase H was introduced.  (e) Representative Cy3 fluorescence images collected at different 

positions along the micro channel after ~2 min of RNase H addition for samples that were 

passivated for 2 hrs (top row) and 6 hours (bottom row). (f) Kinetic plot showing the rate of RNA 

substrate hydrolysis as a function of passivation conditions. Note that 10% formamide and 0.75% 

Triton-X surfactants were included in the reaction buffer for the surface that was passivated under 
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100 µM SH-PEG for 6 hrs. Error bars represent the standard deviation of fluorescence intensity in 

a single image acquired at a specific position along the well. 

 

For optimally passivated surfaces, we measured a kcat = 25 min-1 for RNase H catalyzed 

RNA hydrolysis. This rate is 6,000 fold greater than the turn-over number for nanoparticle-

immobilized DNAzymes, thus supporting our expectation that RNase H powered rolling 

motors may achieve rapid velocities (Figure 4.4).17,18  

 

Figure 4.4. A representative kinetic plot showing RNase H hydrolysis of surface immobilized RNA 

hybridized to a complementary DNA strand. The error bars represent the standard deviation in the 

average fluorescence intensity from at least 5 different regions across the micro-channel. The 

absolute number of RNA molecules (y-axis) was inferred by multiplying the area of the micro-

channel by the density of RNA per µm2 that was obtained from the calibration and RNA release 

measurements. Vmax was determined by measuring the initial rate of reaction between 0 and 2 min, 

and kcat was subsequently calculated by using this value of Vmax and dividing it by the concentration 

of the enzyme. 

 

4.2.3 Synthesis and characterization of DNA functionalized 5 µm diameter silica 

particles 

High density DNA-functionalized particles were synthesized by functionalization of 5 

µm aminated silica beads with NHS functionalized azide, The subsequent azide surface 

modified particles were then coupled with alkyne modified DNA through Huisgen 

cycloaddition (Figure 4.5a).  The DNA density was measured to be ~91,000 

molecules/µm2 (footprint of 11 ± 3 nm2 per molecule) determined by releasing the DNA 
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from the particle via HF etching (Figure 4.5b) and quantifying the released DNA using 

the commercial OliGreen assay (Figure 4.5c). The DNA functionalized particles were then 

hybridized to a substrate presenting the complementary RNA strand. Importantly, the DNA 

density matched that of the RNA density on the planar substrate to ensure a high degree of 

polyvalency (~104 contacts/µm2), therefore minimizing motor detachment from the 

substrate and maximizing run processivity.  

 

Figure 4.5. (a) Schematic showing the approach used to modify the particle with DNA and then to 

determine the DNA loading number. (b) Brightfield images showing particle dissolution over time 

during incubations with 0.5% and 2.5% HF in 1x PBS. Based on brightfield imaging, spherical 

particles appeared to be completely etched after 30 min of incubation in 2.5% HF. (c) Calibration 

curve for the 5’alkyne particle DNA using the Quant-iT OliGreen fluorescence assay. Note that the 

DNA used in this calibration was incubated in 2.5% HF under identical conditions to those used to 

etch the particles. The DNA released from etched microparticles of three different concentrations 

(red, 4.1x10-15 M; green, 1.7x10-15 M; and purple, 0.9x10-15 M) from two independent synthesis was 

then quantified by using the Quant-iT assay. Based on these three, the average DNA density was 

~91,000 molecules/µm2 (footprint of 11 ±3 nm2 per molecule). Thus, the DNA density matched 

that of the RNA density on the planar substrate and was sufficiently high to ensure a high degree 

of polyvalency (~104 contacts/µm2), minimizing motor detachment from the substrate which limits 

run processivity. 
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4.2.4 Characterization of particle translocation 

Particles remained immobile until RNase H was added, which led to rapid translocation 

of particles across the substrate. This was quantitatively tracked by finding the centroid of 

the particles in time-lapse brightfield (BF) microscopy at 5 sec intervals (Figure 4.6a and 

Figure 4.28).19 Importantly, the BF-generated tracks matched the widefield fluorescence 

depletion tracks (FWHM of 720 ± 110 nm), confirming that the particle motion was 

associated with continuous RNA hydrolysis (Figure 4.6b-c, Figure 4.26, and Figure 

4.27). The line scan analysis of the fluorescence depletion indicates ~50% of the RNA 

underneath the particle is hydrolyzed (Figure 4.6c).  

 

Figure 4.6. (a) Representative BF image and trajectory (blue line) from a time-lapse video tracking 

a single microparticle 30 min following RNase H addition. (b) The same region was then imaged 

in the Cy3 fluorescence channel, revealing the location of depleted Cy3 signal. (c) Line scan plot 

of dashed white line from c showing the depletion track from the widefield fluorescence image. 

 

Structured illumination microscopy (SIM), a super resolution fluorescence microscopy 

technique with ~110 nm resolution revealed a more accurate footprint of the particle 

substrate junction corresponding to an average track width of 380 ± 50 nm (n = 55 tracks). 

Based on a simple geometric model, this footprint indicates a maximum of ~5,500 DNA-
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RNA surface contacts at the motor-substrate junction (Figure 4.7). Importantly, substrates 

comprised of DNA did not lead to any translocation upon addition of RNase, confirming 

that particle motion is specific to RNA hydrolysis at the particle-substrate junction. 

 

Figure 4.7. (a) Histogram analysis of FWHM of the depletion path width acquired using structured 

illumination microscopy. (b) Schematic of the geometric model used to determine the 

compression/stretching of the DNA/RNA duplex and single stranded segments as a function of 

pathwidth. (c) Plot showing representative distances L as a function of pathwidth for a 5 µm 

particle. Highlighted in red is the experimentally observed pathwidth determined by SIM 

microscopy. Note that the expected pathwidth for particles of different diameters can be estimated 

using this same approach. 

 

4.2.5 Experimental realization and computation models of superdiffusive transport  

In principle, the particle should be biased away from consumed RNA substrate and 

toward new regions that had not been previously sampled. To investigate this model, 

particle motion was analyzed by plotting the mean squared displacement (MSD) against 

time t, since MSD is known to be proportional to tα.20 However, we found that the MSD 

versus time did not have a linear dependence, as is the case for random diffusion (α= 1), 

but rather a power dependence where α= 1.45 ± 0.20, indicating that particle motion is not 

well described by random diffusion (Figure 4.8a). A histogram summarizing the 

distribution of diffusional exponents for these particles and  particles nonspecifically bound 

to the surface that do not have biased diffusion are shown in Figure 4.11f. Moreover, 
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random diffusion is known to have displacement distributions in the form of P(x) ~ exp(-

A|x|ν) where ν= 2, yet we measured ν= 4.3 ± 1 (Figure 4.8b) (See additional discussion in 

section 4.4.2). Again, further supporting that motion is biased away from hydrolyzed 

substrate.  

 

Figure 4.8. (a) MSD versus log (time) analysis from individual particle trajectories (n = 43), which 

is shown with black circles. The red line indicates the average slope derived from all the individual 

particle trajectories. (b) A plot showing the probability distribution of displacements for particles 

powered by RNase H.  

 

We then asked whether particle motion can be described by a self-avoiding random 

walk, where a particle cannot cross its own path but otherwise moves randomly. These 

types of self-avoiding random walks have only been theorized, and never experimentally 

realized. Because self-avoiding diffusion is typically studied using polymer chains,21 we 

conducted a multivalent stochastic simulation of hundreds of particles to predict the values 

for α and v associated with self-avoiding random diffusion (Figure 4.9a). This modeling 

revealed that over short distances (short timescales) particles exhibit tethered diffusion 

(MSD ~ tα, with α= 1), and over long distances particles exhibit the scaling MSD ~ t log(t) 

which is theoretically expected for self-avoiding behavior (Figure 4.9b and Figure 
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4.24b).22,23 The rate of data acquisition falls in the transition region between these two time 

scales, where simulations predict a power-law MSD scaling with α= 1.49 ± 0.05 and a 

displacement distribution with v= 3.8 ± 0.1, both in agreement with the measured values 

(Figure 4.8). These findings demonstrate that DNA-powered particle motors execute 

motion that is statistically consistent with self-avoiding behavior. To the best of our 

knowledge, rolling DNA-based motors provide the first experimental realization of the 

“true” self-avoiding walker (TSAW) statistical process (see additional discussion in 

section 4.4.1).22,24  

Figure 4.9. (a) Snapshot of a multivalent stochastic self-avoiding walk.  (b) MSD vs time t for 733 

particles, using time differences at any point along the path.  We see two regimes: diffusive 

behavior at short times (MSD ~ t1) and self-avoiding behavior at long times (MSD ~ t log(t)).  Data 

from 5 s to 100 s fits well to a power law MSD ~ tα with α = 1.49 ± 0.05, where the mean and 

standard deviation are computed across 569 individual particle runs that each last longer than 500 

s. 
 

4.2.6 Mechanism of particle translocation  

Particle motion could occur through three plausible mechanisms: a) walking/sliding, b) 

hopping, and c) rolling (Figure 4.10). The hopping mechanism was immediately ruled out 

upon examination of the continuous fluorescence depletion tracks (Figure 4.6b).  
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Figure 4.10. A schematic illustrating the potential mechanisms of particle motion (green arrow). 

If kcat and koff are faster than kon, then particles should hop (scenario shown at bottom) and if kcat and 

koff are slower than kon, then particles should roll or slide/walk (top two scenarios).  

 

To differentiate between the two remaining mechanisms, particles were hybridized to 

an RNA substrate, and the unbound DNA on the particle was blocked by hybridization 

with a complementary DNA strand (Figure 4.11a). If motion primarily occurs through a 

walking/sliding mechanism, we expected that particles would move in a processive fashion 

leaving behind an RNA depletion track. However, upon RNase H addition, particles 

diffused randomly, producing an α= 0.99 ± 0.22 and a v= 1.8 ± 0.8, and no corresponding 

RNA depletion tracks were observed (Figure 4.11). By ruling out the hopping and 

walking/sliding mechanisms of motion, we conclude that particles primarily translocate by 

rolling, in a monowheel or cog-and-wheel like fashion. The rolling mechanism of motion 

was further confirmed through two other sets of experiments (vide infra). This is the first 
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example of a DNA-based autonomous rolling motor, and we will subsequently refer to 

these machines as monowheels.  

 

Figure 4.11. (a) Schematic showing the strategy used to test whether particles roll during 

translocation by blocking the free DNA of the particle by hybridizing with a blocking DNA strand 

(green). (b) Representative BF image and trajectory (blue) taken from a time-lapse video tracking 

a single particle that had been blocked with DNA and treated with RNase H. (c) The same region 

was imaged using the Cy3 fluorescence channel, indicating the lack of a RNA hydrolysis track. 

Note that a small transient spot with lower fluorescence intensity (see center of fluorescence image) 

is typically observed under particles and is not due to RNA hydrolysis. (d) MSD versus log(time) 

plot of particle diffusion for the blocked particles. The black circles represent individual data points 

from n = 32 particles, while the red line indicates the average of these plots. (e) A plot showing the 

probability distribution of displacements for blocked particles. (f) Histogram analysis showing the 

distribution of diffusional exponents for blocked (blue) and unblocked (red) particles. The 

distribution reflects the degree of self-avoidance. 

 

For particles to move in a cog-and-wheel mechanism, the following sequence of 

reactions must occur: 1) RNA hydrolysis, 2) DNA unbinding (koff) from the hydrolyzed 

substrate, 3) tethered particle diffusion (rolling), and 4) DNA hybridization to new RNA 

substrate (kon). To help determine what parameters affect particle velocity, we measured 

particle translocation as a function of monovalent and divalent salt concentration, pH, and 

RNase H concentration. Under high salt concentration we expected that the rate of 

hybridization (kon) would increase, while the rate of dehybridization (koff) would decrease 
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and under decreasing pH, kcat would decrease. We found that particle velocity is highly 

dependent on salt concentration and decreases under higher ionic strengths (Figure 

4.12a,b). In contrast, particle speed is only sensitive to kcat when kcat is reduced below 0.4 

per min (Figure 4.12c).  

 

Figure 4.12. (a) Histogram analysis of particle velocity for each 5 s interval as a function of [KCl]; 

38 mM (red, n = 43 particles (25,800 occurrences)) and 150 mM (blue, n = 52 particles (31,200 

occurrences)). (b) A plot summarizing the average particle velocity and observed rate of RNA 

hydrolysis as a function of [Mg2+] concentration. The error bars represent the standard deviation 

for the particle velocities for all the particles (typically n >15) at each 5 s interval for the 30 min 

time-lapse video. (c) Histogram analysis of particle velocity for each 5 s interval as a function of 

pH; 8.0 (blue, n = 43 particles (25,800 occurrences)), 7.5 (red, n = 50 particles (30,000 

occurrences)), and 7.0 (green, n = 26 particles (15,600 occurrences)). Inset compares RNase H kcat 

(red) and average particle velocity (blue) as a function of pH. 

 

Importantly, taken together, these results suggest that koff acts as the kinetic bottleneck 

for particle motion at pH 7.5 or greater (Figure 4.13).  
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Figure 4.13. Schematic of the proposed mechanism for particle translocation. For simplicity, the 

multivalent interaction with the surface has been reduced down to a divalent interaction. 

 

Interestingly, the particle speed histogram contains two populations of monowheels 

(Figure 4.12a,c). Upon further analysis of individual particle velocities and accounting for 

stage drift, the two populations correspond to two states for each particle, a slow/stalled 

state and a fast state, as opposed to two types of particles or contributions due to stage drift 

(Figure 4.14).  
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Figure 4.14. Histogram analysis of individual particle velocities (25 mM Tris pH 8.0, 8 mM NaCl, 

37.5 mM KCl, 1.5 mM MgCl2, 10 vol % formamide, and 0.75% (g/mL) Triton X). 
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The slower state maybe due to transient stalling of the particle. This may be due to a 

combination of factors that include heterogeneity of the surface functionalization which 

can lead to increased non-specific binding of the particle with the surface, inactive enzyme 

bound to the particle-substrate junction, and particle self-entrapment, all of which, can limit 

particle speed. Upon detailed analysis of individual particle trajectories, we found that 

stalling mostly correlated to particle entrapment (Figure 4.15).  

 

Figure 4.15. (a) Representative BF image and trajectory (blue and red) taken from a time-lapse 

video tracking a single particle for 30 min where the red section indicates when the particle becomes 

entrapped. (b) Representative velocity histogram of an individual particle when the particle is 

entrapped (red) or not entrapped (blue). Entrapment leads to significant decrease in particle 

velocity. 

 

To determine whether the enzyme concentration used, [RNase H] = 140 nM, saturated 

the available substrate binding sites, monowheel velocity was monitored as a function of 

enzyme concentration (Figure 4.16). At 10 fold greater enzyme concentration, only a slight 

increase in average velocity was observed, whereas 10 fold and 100 fold dilution of RNase 

H led to near abolition of monowheel motion. The particle speed histograms for decreasing 

RNase H concentration (Figure 4.16b,c) show a gradual decrease in velocity as opposed 

to a shift to the low velocity population. This indicates that multiple RNase H enzymes are 

operating in parallel as opposed to a single enzyme.   



117 

 

 

 

 

Figure 4.16. (a) Plot showing the particle velocity dependence on RNase H concentration. (b) 

Histogram analysis of particle velocity for each 5 s interval of particles with varying RNase H 

concentrations. (c) Expanded view of the inset region.   

 

A general design rule for creating processive DNA machines necessitates that the rate 

of cleaving contacts and leg disassociation from the track is slower than the rate of forming 

new track contacts. The stochastic nature of association and disassociation rates implies 

that molecular DNA walkers will occasionally disassociate from the track. This is reflected 

in the relatively low fidelity of molecular walkers.1,7-11 Higher multivalency of DNA-based 

machines buffers against spontaneous disassociation, thus increasing run 

processivity.15,16,25 Our analysis suggests that the monowheels are highly multivalent with 

at least ~1000 DNA-RNA duplex contacts present at any given time. This estimate is based 

on the RNA depletion track analysis, which indicates that 50% of RNA is hydrolyzed 

within the ~400 nm wide track. Given the RNase H turnover rate of 25 min-1, and the RNA 



118 

 

 

 

surface density (1x104 RNA/µm2), the monowheels must have at least ~1000 contacts to 

maintain a velocity of 2 µm/min. Fewer contacts would result in lower particle speed. This 

is a lower bound estimate of the particle multivalency because this calculation assumes 

every duplex is bound by active enzyme, which is unlikely. Therefore, monowheels display 

2-3 orders of magnitude greater multivalency than molecular walkers and this affords 

significant improvement in motor processivity.  

Another important difference between molecular walkers and our monowheels is the 

effect of gravity on µm-sized particles. Albeit small, the force of gravity (~0.6 pN for a 5 

µm silica particle in water) may bias the observed processivity by limiting particle-surface 

dissociation. To address this issue and determine the role of gravity on particle motion, we 

inverted the sample geometry such that monowheels were upside down, operating against 

the force gravity (Figure 4.17). Under identical conditions, 80% of the inverted 

monowheels displayed similar speeds and processivity (distance traveled before stalling) 

as that of the upright samples. Note that at [KCl] = 38 mM, 20% of particles detached upon 

flipping the sample, whereas at [KCl] = 75 mM, none of the observed particles detached 

from the surface and monowheels displayed slightly enhanced velocities to that observed 

at [KCl] = 38 mM (either when the sample was upright or flipped). Therefore, the primary 

contributor to monowheel processivity is the high multivalency of the system rather than 

the force of gravity.  
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Figure 4.17. (a) Histogram analysis of particle velocity for each 5 s interval of particles rolling 

against the force of gravity (green, n = 16 (5,760 occurrences)) or with the force of gravity (red, n 

= 20 (7,200 occurrences)) at [KCl] = 38 mM. (b) Histogram analysis of particle velocity for each 

5 s interval of particles rolling against gravity as a function of [KCl]; 38 mM (red, n = 16 (5,760 

occurrences)) and 75 mM (blue, n = 50 (18,000 occurrences)). (c) A bar graph summarizing particle 

velocity.  

 

To simplify analysis and quantification, we used 5 µm diameter particles for the 

majority of experiments. However, note that the rolling mechanism of translocation can be 

recapitulated with 0.5 µm diameter particles (Figure 4.18a). In principle, these smaller 

particles reduce the maximum number of DNA-RNA contacts by one of order of magnitude 

to the range of several hundred. Similar maximum velocities up to 5 µm/min and average 

velocities of 1.8 ± 0.4 and 1.9 ± 0.5 µm/min were observed for both 0.5 and 5 µm particles, 

respectively, indicating that the fundamental cog-and-wheel mechanism of rolling is 

independent of cargo size within the range tested (Figure 4.18a). This was initially 

surprising since the smaller particles have fewer contacts with the surface and reduced 

drag, resulting in a faster koff thus smaller particles were expected to translocate more 
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quickly. Upon further analysis, we noted that smaller particles are less multivalent, and 

therefore fewer RNA-DNA duplexes are available for hydrolysis at any given time. In other 

words, there is reduced hydrolysis of RNA in parallel when using smaller particles, which 

is expected to slow down the absolute RNA hydrolysis rate and thus reduce particle 

velocity. These opposing effects create a complex relationship between motor speed and 

particle size, and when comparing the 5 µm beads with the 500 nm particles, the effect of 

particle size effectively cancels out, leading to similar observed velocities. However, the 

500 nm particles roll for shorter average run lengths compared to 5 µm diameter particles 

(~3 µm versus ~60 µm), which continue processively moving throughout the 30 min video 

and even continue moving for over 5 hrs reaching average run lengths of ~200 ± 10 µm 

(Figure 4.18b). The decrease in run length for the 500 nm particles is due to the lower 

multivalency (fewer contacts) with the surface, thus increasing the probability of 

detachment. Nonetheless, increasing the KCl and Mg concentrations to 75 mM and 3 mM, 

respectively, enhances 500 nm particle endurance such that the majority of particles display 

processive motion for the entire 30 min video. This provides the 500 nm particles with an 

average run length of greater than 25 µm. Despite much work in the area of DNA-based 

machines, this class of multivalent rolling motor exceeds the velocity and processivity of 

previous DNA-motors by three-orders of magnitude, and approaches the efficiency of 

biological enzymes, with velocities on the order of tens of µm’s per second and run lengths 

of hundreds of µm’s.    
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Figure 4.18. (a) Histogram analysis of particle velocity for each 5 s interval as a function of particle 

size (5,000 nm diameter; blue and 500 nm diameter; red). (b) Histogram analysis of average 

monowheel (5 µm) run length after 5.5 hrs. Only 10% of monowheels remained in motion after 12 

hrs, which may be due to enzyme denaturation.   

 

4.2.7 Linear transport of RNase H powered DNA monowheels 

To achieve unidirectional transport resembling motor protein motion along a filament, 

RNA was spatially micro-patterned into 3 µm wide tracks (Figure 4.19a). Particles were 

then hybridized to the patterned RNA, and RNase H was added to initiate motion (Figure 

4.19b). Using BF time-lapse tracking and RNA fluorescence depletion, we observed that a 

subset of particles moved along the 3 µm substrate corral unidirectionaly deflecting away 

from the PEG-printed regions. Note that many particles became entrapped, partially 

because of RNA cross contamination into the PEG-passivated regions (Figure 4.19c) and 

self-entrapment in consumed substrate corrals. It is likely that generating well-passivated 

nanoscale RNA tracks commensurate in size to the particle-substrate junction width (~400 

nm) would lead to an increased yield of linear trajectories.8 Nonetheless, this provides a 

proof-of-concept demonstration of autonomous translocation using self-assembled 

components without an external field, akin to the motion of motor proteins.  
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Figure 4.19. (a) Schematic showing the strategy used to generate RNA micro-tracks by using 

microcontact printing. SH-PEG barriers were directly printed onto the gold film, which was 

backfilled with RNA. (b) BF and fluorescence time-lapse images of a particle moving along a 3 

µm wide track following the addition of RNase H. (c) Line scan analysis of the region highlighted 

in the fluorescence channel with a dotted white line showing the track dimensions and the 

effectiveness of the PEG barriers. 

An alternate strategy to achieve linear motion would be to limit lateral particle motion 

by incorporating multiple monowheels on the body of a single chassis. This has been 

investigated previously by Diehl et al., but given the unique rolling mechanism for our 

system, we speculated that multiple motors could only result in ballistic or linear motion.25 

By happenstance, we noticed that a 1-10% subset of our particles were fused forming 

dimers, a common byproduct in silica particle synthesis. We found that these particles 

traveled linearly for distances that spanned hundreds of µm’s at a velocity of ~0.6 ±0.5 

µm/min, n = 68 dimer particles (Figure 4.20a). Not surprisingly, a plot of MSD versus t 

for particle dimers showed a power-law scaling of α= 1.82 ±0.13, confirming that particle 

motion was nearly linear (α= 2) (Figure 4.20b). In addition, we also discovered that 50% 
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of single spherical particles displayed a transient component of their trajectory that is linear 

and associated with wider tracks; linear motion was correlated with wider ~1.0 ±0.1 µm 

tracks or multiple contact points (Figure 4.20c, Figure 4.28, and Figure 4.29). The 

ballistic (linear) motion observed for what appears to be wider tracks may be due to 

particles possessing multiple contact points that cannot be resolved or due to particles 

rolling along imperfections along the surface.  

 

Figure 4.20. (a) Representative BF and fluorescence images taken from a time-lapse movie that 

tracked a dimerized particle following RNase H addition. The BF-analyzed trajectory as well as 

the two parallel fluorescence depletion tracks showed near linear particle motion. (b) MSD versus 

log(time) analysis of the dimerized particle motion. Slope of this plot shows an average power log 

dependence of 1.82± 0.13, confirming that the particle dimer traveled in a ballistic, linear fashion. 

(c) Histogram analysis showing the full width half maxima of labeled line scans. As described in 

the main text, some particles toggled between linear (ballistic) and self-avoiding paths. We 

classified the tracks as ballistic and self-avoiding and then reported the distribution of these two 

categories in the histogram. The mean FWHM of ballistic tracks was 1.0 +/-0.1 µm while the mean 

FWHM for self-avoiding tracks was 717 +/-110 nm.  

 

Following these observations, we synthesized DNA-coated microrods and anticipated 

similar behavior. Microrods showed nearly linear motion, which demonstrates that the 

rolling mechanism is not limited to spherical particles (Figure 4.21). These are the first 

examples of directional motion without the need of a patterned track or external 
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electromagnetic field, which is only afforded due to the unique cog-and-wheel 

translocation mechanism.  

 

Figure 4.21. (a) Representative brightfield image of DNA functionalized sililca micro-rods.  Rods 

were synthesized via emulsion based method26 and were surface functionalized with APTES.27 The 

resulting aminated rods were functionalized with DNA using the same method described previously 

(NHS-azide amine coupling followed by azide-akyne Huisgen cycloaddition). (b) Corresponding 

histogram analysis characterizing the DNA functionalized micro-rods’ length and width. (c) 

Representative overlay of a brightfield (green) and fluorescence (gray) image showing microrod 

trajectories (fluorescence depletion) at t = 45 min. (d) Histogram analysis of average particle 

velocity. (e) Proposed model showing how particle imperfections can lead to spiral like structures. 
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4.2.8 SNP detection through measuring DNA monowheel displacements  

Since monowheel motion is exquisitely sensitive to kon, koff and kcat we anticipated that 

particle motion could provide a readout of molecular recognition. As a proof-of-concept, 

we aimed to detect a single nucleotide polymorphism (SNP) mutation, which is a 

biomedically relevant and challenging mutation to identify. Particles displaying the SNP 

(5’mAmGTAATTAAmUmC3’) traveled ~60% slower (0.3 µm/min) than identical 

particles with a perfect match (5’mAmGTAATCAAmUmC3’) (Figure 4.22a). This 

difference in velocities can be attributed to a slower rate of hydrolysis for RNase H to 

hydrolyze duplexes possessing a single base mismatch (Figure 4.23d).28 Due to the µm-

sized cargo and large distances traveled, even a smartphone camera equipped with an 

inexpensive plastic lens could detect motion associated with this SNP by recording particle 

displacement within a short time interval (t = 15 min) (Figure 4.22b-f).  

 

Figure 4.22. (a) Histogram analysis of particle velocities obtained for each 5 s interval for particles 

functionalized with DNA fully complementary to the RNA substrate (Perfect Match, red, n = 36 

particles) and DNA that contains a single base mismatch (SNP, red, n = 23 particles). Velocities 

were obtained by tracking the particle through BF using the microscope. (b) A photograph of the 

plastic magnifying lenses obtained from a toy laser pointer ($2). These lens were used to image the 
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particles with a smartphone for SNP detection. (c) A photograph of the set up used to illuminate 

and focus onto the sample. (d) Representative Smartphone image of the 5 µm particles in the SNP 

assay. (e) Representative bright field images collected by using a smartphone microscope. The 

images show particles and their net displacement for perfect match and SNP sequences after RNase 

H addition (t = 15 min). The sequences are illustrated below each image in the 5’ to 3’ orientation 

where the single base difference between sequences is underlined and indicated in red and the non-

natural 2’ methyl ether RNA modification is indicated by the letter m before the base (scale bar = 

5 µm). (f) A scatter plot displaying particle net displacements 15 minutes following RNase H 

addition. The mean particle displacement is shown as the height of the bar. Error bars represent 

standard deviation from n = 42 particles total (p < 0.0001, as determined by a t-Test with unequal 

variances).   

 

SNP detection could also be achieved using unmodified DNA (Figure 4.23a-c); 

however, maximum discrimination required shortening the RNase H recognition sequence 

(Figure 4.22 and 4.23d). Most importantly, SNP sensing using a smartphone suggests 

utility in resource limited settings and represents the first realized application for DNA-

based motors.  

 

Figure 4.23. (a) Representative brightfield trajectories of RNase H driven particle motion for 

particles modified with fully complementary DNA (Perfect Match) to the RNA monolayer or DNA 

with a SNP mutation (1 SNP).  (b) Histogram analysis of particle velocities for Perfect Match (red) 

and 1 SNP (black) modified particles. (c) A bar graph summarizing the average velocities for 

Perfect Match (red) and 1 SNP (black) modified particles. (d) A kinetic plot showing the rate of 
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RNA hydrolysis for a monolayer of RNA-DNA duplexes that are fully complementary (red) or 

containing a SNP mutation (black) upon addition of RNase H.  

 

4.3 Conclusions 

In conclusion, monowheels take advantage of multivalent substrate interactions to 

produce emergent collective properties that are difficult to predict a priori from the 

properties of the individual biomolecules.29-31 The massive multivalency of the system 

ensures unprecedented motor processivity, allowing monowheels to move distances up to 

hundreds of µm’s. Monowheels also achieve velocities up to  ~5 µm/min, a speed which 

is ~5,000 fold greater than the fastest known synthetic DNA walker and approaching the 

velocities of biological motor proteins.8 It is important to note that monowheels use the 

same chemistry as molecular walkers -specific DNA-RNA hybridization followed by RNA 

hydrolysis. Moreover, the leg to leg spacing (DNA-DNA spacing) for the walkers is similar 

to the spacing between DNA strands for monowheels (~5 nm). However, the monowheels 

differ from the DNA walkers because of their massive multivalency, which leads to 

collective behaviors such as track free linear motion and rolling. Although highly 

multivalent motors typically display diminished speeds, monowheels break this trend due 

to a combination of factors that include a reduction in unproductive DNA-surface contacts 

enabled by rolling and the parallel activity of RNase H in a highly dense DNA-RNA 

contact area (as suggested by modeling). Further experiments with anisotropic particles 

and different enzyme-substrate pairs will elucidate the role of these contributions. At best, 

the efficiency of converting chemical energy into mechanical work for monowheels is 

approximately 0.001%, which is on par with chemically powered synthetic motors32 and 

may be further optimized in the future (Calculations found in power conversion efficiency 

section 4.4.3). Due to the multi-µm sized chassis, and rapid translocation rates, real-time 
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tracking of movement can be achieved with conventional optical microscopy and even a 

smartphone-based readout, thus circumventing the need for specialized AFM and electron 

microscopy-based analysis. Because of the highly sensitive cog-and-wheel rolling 

mechanism of motion, monowheels represent an important step in bringing together the 

field of DNA-based sensing with the emerging area of DNA machines and motors. For 

example, motor velocity can likely be modulated by aptamer-analyte interactions, 

suggesting that monowheels will become a new and powerful tool in label-free sensing 

assays. 

4.4 Materials and Methods 

4.4.1 Theory and simulation of self-avoiding particle rollers 

4.4.1.1 True self-avoiding walk 

To investigate whether our particles exhibit self-avoiding behavior, we first performed 

a simple simulation of a self-avoiding random walk.  A particle starts at the origin of a two-

dimensional square lattice.  At each fixed time step, the particle moves with equal 

probability to any one of its neighboring sites that has not been occupied in the past.  The 

particle eventually traps itself, which marks the end of the simulation (Figure 4.24a). 

Self-avoiding walks have been well studied in polymer physics, since a polymer is a 

chain that cannot overlap with itself.  However, there is an important difference between a 

self-avoiding chain and a self-avoiding walk.  The first is a physical object; the second is a 

dynamic process.  In general, when self-avoiding walks are discussed in the literature, this 

typically refers to self-avoiding (polymer) chains.  The dynamic process is usually 

distinguished from self-avoiding polymer chains by being described as the “true” or 
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“myopic” self-avoiding walk.  Here, we are studying the dynamic process, the “true” self-

avoiding walk. 

The difference arises at the level of statistics.  Averaging over all possible 

configurations of a length t chain, the mean squared displacement (MSD) from end-to-end 

scales in two dimensions as MSD ~ t3/2.  However, this is not true for the walk.  The reason 

is that when dynamically generating the walk by taking random steps, one does not sample 

all t-step configurations equally33.  The result is that the MSD for the walk in two 

dimensions scales with time t as MSD ~ t log(t) for large values of t 22,23. 

Figure 4.24b shows MSD versus time for the simulation, averaging over 1000 

particles, using time differences at any point along the path.  Note that at sufficiently long 

times, the simulation follows the expectation MSD ~ t log(t).  For comparison, we also 

show the expectations for ballistic motion (MSD ~ t2) and diffusive motion (MSD ~ t1). 

 

Figure 4.24. (a) Simple self-avoiding random walk.  (b) MSD vs time t for 1000 particles, using 

time differences at any point along the path.  We see that at sufficiently long times, the simulation 

follows the expectation for a self-avoiding walk, MSD ~ t log(t). 

 

4.4.1.2 Multivalency and enzyme kinetics 

The simple simulation in the previous section lacks two key features of the 

experimental particles.  First, the particles are multivalent, meaning they bind the surface 
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at many points at any given point in time.  Second, their motion is driven by enzymatic 

hydrolysis, such that the timing of unbinding events is not fixed but rather depends on 

stochastic chemical kinetics.  Here we incorporate both features into the simulation. 

Multivalency is incorporated by allowing the particle to bind at more than one site at a 

time (Figure 4.9a).  Sites are distributed on a square lattice.  No two concurrently bound 

sites may be separated by a distance larger than the path width, which is measured 

experimentally. Stochastic kinetics are incorporated by drawing unbinding times from a 

probability distribution. As suggested experimentally, we assume that a single slow step 

sets the unbinding rate k.  Unbinding times are then drawn from an exponential distribution 

with mean 1/k.  Once a sufficient number of unbinding events occur, the particle may 

access new sites within the path width constraint.  These sites are bound in a random order 

until the constraint is satisfied.  Binding is modelled as instantaneous because the binding 

time (on the order of microseconds) is significantly shorter than the unbinding time (on the 

order of seconds).  . 

Figure 4.9b shows MSD versus time for the simulation with multivalency and 

stochastic kinetics, averaging over 733 particles, using time differences at any point along 

the path.  We see that the simulation exhibits two regimes.  At short times, the particles 

exhibit diffusive behavior (MSD ~ t1).  This is due to the small random movements that 

accompany individual unbinding events.  Individual events do not appreciably change the 

particle’s mean position at short times, but instead introduce short-range diffusive “noise”.  

At long times, the particles exhibit self-avoiding behavior (MSD ~ t log(t)).  This is because 

on length scales larger than the path width (380 nm), the particle effectively executes a 

self-avoiding random walk.  Figure 4.9b thus demonstrates that on sufficiently long length 
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and time scales, self-avoiding behavior persists even with multivalency and stochastic 

kinetics. 

Particle tracking experiments allow for measurement of the MSD over time windows 

from 5 s to 100 s, revealing a power law scaling MSD ~ tα with α = 1.45 ± 0.2 (Figure 

4.8a).  In this range of time windows, the simulation data also fit well to a power law, with 

α = 1.49 ± 0.05 (Figure 4.9b).  The agreement demonstrates that experimental particle 

motion is statistically consistent with a multivalent self-avoiding walk. 

The results in Figure 4.9b are obtained with a multivalency of s = 10 lattice sites per 

path width, which is the highest computationally tractable value.  However, in experiments, 

the measured path width of 380 nm and the substrate footprint of 20 nm2 imply that the 

multivalency could be as high as s = (380 nm)/√(20 nm2) = 85.  Therefore, we tested the 

dependence of the MSD statistics on the multivalency for the tractable values s = 4 to 10.  

Figure 4.25 shows that the fitted power α is largely independent of multivalency, 

suggesting that our simulation provides a good model for the experiment, even if the 

experimental multivalency is higher than s = 10.  The reason that the statistics are 

independent of multivalency is that at long length and time scales, the particle essentially 

moves via a rolling mechanism.  This means that if the particle is rolling in a particular 

direction, time between when a contact binds at the front and when it unbinds at the back 

is independent of the number of other bound sites (see velocity estimate below for further 

discussion). 
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Figure 4.25. MSD power-law exponents α as a function of multivalency s, defined as the number 

of lattice sites per path width.  Path width is kept constant at w = 380 nm while s is varied.  For 

each value of s, exponents and standard deviation are computed from between 20 and 85 particle 

runs that last longer than 500 s, using time windows between 5 s and 100 s.  We see that the 

exponent is largely independent of the multivalency. 

 

4.4.1.3 Displacement distribution 

Our multivalent stochastic simulation also permits a comparison with the 

experimentally measured distribution of particle displacements (Figure 4.8a). There we 

found that large displacements x are well described by the form P(x) = P(0) exp(-A|x|ν) with 

ν = 4.3 ± 1.  Figure 4.26a shows the distribution of displacements in 50 s from simulations 

of 733 particles, using time differences at any point along the path.  To determine whether 

the above functional form provides a reasonable fit, we note that it can be rewritten as 

log[P(0)/P(x)] = A|x|ν, which means that a plot of log[P(0)/P(x)] versus |x| should be linear 

on a log-log scale, with slope ν.  Figure 4.26b shows this plot, demonstrating that the 

dependence is indeed linear for sufficiently large |x| (i.e. in the tails of the distribution).  

The slope is ν = 3.8 ± 0.1, which agrees with the experimental value of ν = 4.3 ± 1.  The 

agreement further supports the statistical consistency of our particle motion with self-

avoiding behavior. 
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Figure 4.26. (a) Distribution of particle displacements x in 50 s.  733 particles are used, using time 

differences at any point along the path. Red curve shows fit to P(x) = P(0) exp(-A|x|ν) with ν = 3.8 

± 0.1.  (b) The parameter ν is obtained by fitting the linear region of the plot of log[P(0)/P(x)] 

versus |x| on a log-log scale. 

 

4.4.1.4 Velocity estimate 

Here we present a rough estimate of the particle velocity based on the enzyme kinetics.  

Unbinding occurs at a rate on the order of k ~ 10/min.  As mentioned above, the 

multivalency could be as high as s = 90 binding sites per path width.  Thus, a naïve 

argument might suggest that moving one path width w = 380 nm requires s = 85 unbinding 

times, or s/k = 8.5 min, corresponding to a velocity of roughly 45 nm/min.  This is much 

slower than the experimentally measured velocity of 2 μm/min. 

However, the above argument neglects the processivity of the rolling process.  To 

understand this point, we consider the limit of a fixed unbinding time and ballistic motion.  

In this limit, contacts bind and unbind sequentially in the direction of motion.  This means 

that by the time a particular contact unbinds, all contacts behind it have already unbound, 

and all contacts in front of it have yet to unbind.  In particular, this means that the time 

between when a contact binds in front, and when the same contact unbinds in back, is equal 

to one unbinding time 1/k.  In this time, the particle has moved one path width w, and thus 
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the velocity is wk = 3.8 μm/min.  Because in reality unbinding is stochastic, and motion is 

not completely ballistic, this estimate is an upper bound.  Nonetheless, it much more closely 

reflects the measured value of 2 μm/min. 

The above argument implies that particle motion is largely independent of multivalency 

s, due to the processivity of the rolling process.  That is, the particle rolls one path width 

per unbinding time, no matter how many contacts are bound within the path.  Indeed, this 

provides an explanation for why the statistics of particle motion in the simulation, as 

captured by the MSD, are largely independent of multivalency (Figure 4.25). 

 

4.4.2 Displacement distributions from particle tracking 

To ensure that ν = 4 is not an artifact of a particular time interval, we analyzed the time 

dependence of 𝜎 across all time intervals.  If v = 4 and MSD is proportional to t1.5 (based 

on theory and experimental results), then 𝜎 should be proportional to t0.75 (based on the 

derivation below). We find that experiments agree well with this scaling in 𝜎 (Figure 4.27). 

 

Figure 4.27. A plot showing the log(σ) vs log(t) dependence. The straight line is the expected slope 

for self-avoiding diffusion (0.75), the dashed line is the slope for random diffusion (0.5), and the 

circles are the data for unblocked particles. The slope for experimental data (circles) fits well with 

the slope for self-avoiding diffusion, thus validating our expectations. 
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Consider the general case where x has the exponent ν. Here, the probability density 

function is: 

𝑃𝑣(𝑥, 𝑡) =
ν

2𝜎𝛤(1/ν)
𝑒−|𝑥|ν/𝜎ν 

where σ has a time dependence, σ(t), and 𝛤 is a gamma function.21 If ν is equal to 4 for 

self-avoiding motion (Figure 4.8b), upon integrating we get: 

< 𝑥2 >= ∫ 𝑥2𝑃(𝑥, 𝑡)𝑑𝑥 ∝ σ2 

We also know from our experiments and simulations (Figure 4.8a and 4.9b) that  

x2(t) ∝ t1.5. By substituting σ2 for x2, we get  𝜎 ∝ 𝑡0.75.  

 

4.4.3 Power conversion efficiency 

The power conversion efficiency (ƞ) for the monowheel motor can be quantified as 

described by Wang et al.32 

ƞ =
mechanical power output

total chemical power input
=  

𝑃mechanical

𝑃chemical
 

where  𝑃mechanical is defined as, 

𝑃mechanical =  Fdragv =  ƒv2 

Fdrag is the resistive force on the particle, v is the particle velocity, and ƒ is the friction 

coefficient.   

The particle velocity can directly be measured and the friction coefficient between a DNA 

modified silica bead and an RNA monolayer can be derived from the experimentally 

measured diffusion coefficient (𝐷) using the Einstein diffusion relationship:  
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𝐷 =  
𝑘𝑏𝑇

ƒ
  

where 𝑘𝑏 is the Boltzmann constant and T is the temperature. The 2D diffusion coefficient 

was measured to be 𝐷 = 0.096 µm2/s for DNA modified particles diffusing across an RNA 

monolayer, which was derived from the slope of the MSD versus time for randomly 

diffusing blocked particles (Figure 4.11c).   

𝑃chemical =  𝑛RNA HydrolysisΔr G 
ѳ   

Where 𝑛RNA Hydrolysis is the turnover number for hydrolysis and Δr G 
ѳ  is the Gibbs free 

energy for the hydrolysis of an RNA phosphodiester bond (30 kcal/mol).34 The turnover 

number for RNA hydrolysis can be quantified from the particle velocity (v), contact 

diameter (d), and RNA density on the surface as detailed below:   

𝑛RNA Hydrolysis =  v ∗ d ∗
1RNA

18 nm2
∗

hydrolyzed phosphodiesters

RNA
∗

1 mole

6.022 ∗ 1023
 

Based on these calculations, the power efficiency was found to be approximately 7.8x10-6 

to 5.6x10-7 depending whether 1 to 14 RNA phosphodiesters are cleaved per RNA/DNA 

duplex.  

4.4.4 Materials 

All chemicals were purchased from Sigma-Aldrich unless otherwise noted. Stock 

solutions were made using Nanopure water (Barnstead Nanopure system, resistivity = 18.2 

MΩ), herein referred to as DI water. 5-µm aminated silica beads were purchased from 

Bangs Laboratory (Product #: SA06N). The DNA fluorescence assay kit (Quant-iT™ 

OliGreen® ssDNA kit) was acquired from Life Technologies (formerly Invitrogen, 
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Carlsbad, CA) and was used to quantify DNA density on the particle surface. All 

oligonucleotides were custom synthesized by Integrated DNA Technologies (IDT) and are 

summarized in Table 4.1. RNase H was obtained from Takara Clontech (Product #: 

2150A). Thin Au films were generated by using a home-built thermal evaporator system. 

All Au surface functionalization was carried out using an IBIDI sticky-Slide VI0.4 17 x 3.8 

x 0.4 mm channels.  

4.4.5 Oligonucleotide sequences 

 

ID Sequence (5'-3') 

DNA Anchor /5AmMC6/GAGAGAGATGGGTGCTTTTTTTTTTTTTTT/3ThiolMC3-D/ 

RNA/DNA 

Chimera Substrate 

GCACCCATCTCTCTCrCrCrCrCrCrCrUrGrUrGrArUrUrGrArUrUrArCrU 

/3Cy3Sp/ 

DNA Control 

Substrate 
GCACCCATCTCTCTCCCCCCCTGTGATTGATTACT/3Cy3Sp/ 

Particle DNA /5Hexynyl/TTTTTTTTTTTTTTTAGTAATCAATCACAG 

RNA Complement AGTAATCAATCACAG 

Particle Blocking 

Strand 
CTGTGATTGATTACT 

Perfect Match /5Hexynyl/TTTTTTTTTTTTTTTmAmGTAATCAAmUmC  

SNP /5Hexynyl/TTTTTTTTTTTTTTTmAmGTAATTAAmUmC 

     

     

Table 4.1. List of all the oligonucleotide sequences.  

 

/3Cy3Sp/
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4.4.6 Optical Microscopy 

Brightfield and fluorescence images were acquired on a fully automated Nikon Eclipse 

Ti TIRF microscope controlled using the Elements software package (Nikon). Images were 

collected using the Evolve electron multiplying charge-coupled device (EMCCD; 

Photometrics) through a CFI Apo 100× 1.49 NA objective or a Plan Fluor 20× 0.50 NA 

objective. Fluorescence images of Cy3 were collected using an Intensilight Hg lamp 

epifluorescence source (Nikon), and TRITC filter cube set supplied by Chroma. An 

interferometric lock-in focus system (Perfect focus system (PFS)) was used during 

acquisition of time lapse movies to minimize focus drift. 

 

Figure 4.28. Epifluorescence images used to calculate the of the fluorescence depletion track 

widths (FWHM).  

 

4.4.7 Super resolution imaging of the fluorescence depletion tracks 

Structured illumination microscopy (SIM) images were acquired on a Nikon N-SIM 

system, which is equipped with a CFI Apo 100× 1.49 NA objective and Andor iXon 
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EMCCD (60nm/pixel). For each N-SIM image, 9 images of 3'Cy3-RNA sample were 

acquired in different phases using a 561 nm laser as an excitation source and was 

reconstructed using Nikon Element software package.  

 

Figure 4.29. SIM fluorescence images used to calculate the of the fluorescence depletion track 

widths (FWHM).  

 

4.4.8 Thermal evaporation of gold films 

A number 1.5 glass slide (25 mm x 75 mm) was cleaned by sonication in DI water for 

5 min. The sample was then subjected to a second sonication in fresh DI water for 5 min. 

Finally, the slide was sonicated in propanol for 5 min, which was subsequently dried under 

a stream of N2. The cleaned slide was then introduced into a home built thermal evaporator 

chamber and the pressure was reduced to 50 x 10-3 Torr. The chamber was purged with N2 

three times and the pressure was reduced to 1-2 x 10-7 Torr by using a turbo pump and 

cooling the chamber using a liquid N2 trap. Once the desired pressure was achieved, a 1.5 

nm film of Cr was deposited onto the slide at a rate of 0.2 Å/sec, which was determined by 
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a quartz crystal microbalance. After the Cr adhesive layer was deposited, 4 nm of Au was 

deposited at a rate of 0.4 Å/sec. The Au-coated samples were used within one week of 

evaporation. 

4.4.9 Fabrication of RNA monolayers 

An IBIDI sticky-Slide VI0.4 flow chamber was adhered to the Au-coated slide to 

produce six channels (17 x 3.8 x 0.4 mm dimensions). Prior to surface functionalization, 

each channel was washed with ~5 ml of DI water. Next, a densely packed DNA monolayer 

was assembled onto the Au surface by using published protocols where 40 µL of a 1 µM 

3' disulfide modified DNA strand (anchoring strand) was incubated with the surface for 12 

hrs under high ionic strength buffer (1 M KHPO4).
35 The chamber was then sealed by 

Parafilm to prevent evaporation. After incubation, excess DNA was removed from the 

channel using a ~5 ml DI water rinse. To block any bare gold sites and to maximize 

hybridization of RNA to the DNA anchoring strand, the surface was backfilled with 100 

µL of a 100 µM SH(CH2)11(OCH2CH2)6OCH3  (SH-PEG) solution in ethanol for 6 hrs. 

Excess SH-PEG was removed by ~5 ml rinses with ethanol and water each. Lastly, the 

RNA substrate was immobilized to the surface through hybridization of 100 µL of a 

complementary RNA/DNA chimera (100 nM) in 1x PBS (phosphate buffered saline) for 

12 hrs. The wells were then sealed with Parafilm to prevent evaporation and the resulting 

RNA monolayer remained stable for ~1-2 weeks, as determined based on fluorescence 

imaging. 

4.4.10 Determining RNA surface density 

RNA surface density was determined by releasing the Cy3-tagged RNA from the 

surface by adding 100 µL of RNase A (100 µg/ml in 1 xPBS) and then quantifying the Cy3 
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fluorescence intensity in solution using a calibration curve obtained using the fluorescence 

microscope.  

4.4.11 µ-contact printing of RNA tracks 

To generate RNA tracks, SH-PEG barriers were initially patterned onto the thin gold 

film using established protocols.36 Briefly, 30 µL of a 1 mM SH-PEG solution in ethanol 

was applied to a PDMS stamp with 3 µm wide parallel lines spaced at a 3 µm pitch. Next, 

the SH-PEG solution was dried under a stream of N2 for 1 min and the remaining solution 

was wicked away. The coated stamp was then brought into contact with the gold film 

surface for 30 sec. After contact, the stamp was peeled away from the substrate and used 

to print repeatedly without re-applying additional SH-PEG ink. After patterning the SH-

PEG barriers onto the surface, the IBIDI sticky-Slide VI0.4 flow chamber was adhered to 

the gold slide, and the substrate was prepared as described above in the “Fabrication of 

RNA monolayers” section. Note that the RNA track preparation protocol used a 6 hr 

incubation with the DNA anchor solution rather than 12 hrs. 

4.4.12 Synthesis of azide functionalized particles 

First, azide-functionalized particles were synthesized by mixing 1 mg of 5-µm 

aminated silica beads (Bangs Laboratory) with 1 mg of N-hydroxysuccinimidyl azide 

heterobifunctional linker. This mixture was subsequently diluted in 100 µL of DMSO and 

1 µL of a 10x diluted TEA (triethylamine) stock in DMSO. The reaction proceeded 

overnight for 24 hrs and the azide-modified particles were purified by adding 1 mL of DI 

water and centrifuging down the particles at 15,000 rpm for 5 min. The supernatant was 

discarded and the resulting particles were resuspended in 1 mL of DI water. This process 

was repeated 7 times, and during the last centrifugation step, the particles were resuspended 



142 

 

 

 

in 100 µL of DI water, yielding an azide-modified particle stock. The azide-modified 

particles were stored at 4 ºC in the dark and were used within one month of preparation. 

4.4.13 Synthesis of high DNA density silica particles  

High density DNA functionalized particles were synthesized by adding 5 nmoles (5 µl) 

of alkyne modified DNA stock solution to 5 µL of azide functionalized particles. The 

particles and DNA were diluted with 25 µL of DMSO and 5 µL of a 2 M triethyl 

ammonium acetate buffer (pH 7.0). Next, 4 µL from a 5 mM stock solution of ascorbic 

acid was added to the reaction as a reducing agent. Cycloaddition between the alkyne 

modified DNA and azide functionalized particles was initiated by adding 2 µL from a 10 

mM Cu-TBTA (Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine) stock solution in 55 

vol % DMSO. The reaction was incubated for 24 hrs, where the resulting DNA 

functionalized particles were purified by centrifugation. Specifically, the particles were 

centrifuged at 15,000 rpm for five min; after which, the supernatant was discarded and the 

particles were resuspended in 1 mL of a 1x PBS and 10% Triton-X solution. This process 

was repeated 7 times, where the particles were resuspended in 1 mL 1x PBS only for the 

4th-6th centrifugations. During the final centrifugation/wash, the particles were resuspended 

in 50 µL of 1x PBS. The high density DNA functionalized particles were stored at 4 ºC 

and protected from light. 

4.4.14 Determining DNA particle surface density 

DNA surface density on the silica particles was determined by releasing the DNA using 

HF etching followed by quantifying the DNA concentration with a fluorescence assay. 

Initially, 50 µL of DNA functionalized particles were diluted with 45 µL of PBS and 5 µL 

of concentrated (50% by vol) HF. After 30 min of etching, we assumed that the DNA was 



143 

 

 

 

fully released from the surface based on brightfield characterization of particle whittling 

(Figure 4.5b). Subsequently, the DNA concentration was quantified using a commercial 

fluorescence assay for detecting single stranded DNA (Quant-iT OliGreen ssDNA kit, 

Invitrogen) following the published product protocol. The final DNA density was 

calculated by determining the concentration of particle stock using a hemocytometer. 

4.4.15 Determination of RNase H surface kinetics 

A monolayer of RNA/DNA duplexes was constructed by hybridizing a soluble 

complementary DNA strand to the RNA monolayer. Briefly, 100 µL of a DNA stock 

solution (100 µM) in 1x PBS was added to the ssRNA surface. After 1 hour of 

hybridization, the excess DNA was washed away by rinsing the channel with 5 mL 1xPBS, 

which was exchanged for 100 µL of RNase H reaction buffer (25 mM Tris pH 8.0, 8 mM 

NaCl, 37.5 mM KCl, 1.5 mM MgCl2, 10 vol % formamide, and 0.75% (g/mL) Triton X). 

The RNA hydrolysis reaction was initiated by the addition of 2 µL (5 units) of RNase H 

from an enzyme stock of 7.2 µM (2.5 units/µL) enzyme, 500 µM DTT, and 1x PBS. 

Reaction progress was monitored by measuring the loss in surface RNA fluorescence over 

time. Since kinetic conditions satisfy Michaelis-Menten requirements with substrate RNA 

concentration at a ~60 fold excess over enzyme (1.2 nM), we determined kcat by dividing 

the initial rate of reaction (Vmax) by enzyme concentration (Vmax = kcat x [enzyme]).37 

4.4.16 RNase H powered particle translocation 

Initially, RNA substrate surfaces were washed with 5 mL of PBS to wash away excess 

unbound RNA. Next, DNA functionalized particles were hybridized to the RNA substrate. 

Briefly, 5 µL of DNA functionalized particles were diluted with 45 µL of PBS, which was 

added to the RNA substrate. Hybridization between the particles and the complementary 
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RNA monolayer occurred over a thirty minute incubation period. After hybridization, 

particle translocation was initiated by buffer exchange with 100 µL of RNase H reaction 

buffer (25 mM Tris pH 8.0, 8 mM NaCl, 37.5 mM KCl, 1.5 mM MgCl2, 10% formamide, 

and 0.75% (g/mL) Triton X) and 2 µL (5 units) of RNase H from an enzyme stock of 7.2 

µM enzyme, 500 µM DTT, and 1x PBS. The microchannel was sealed with Parafilm to 

prevent evaporation. Particle tracking was achieved through brightfield imaging acquired 

at 5 sec intervals using MOSAIC imageJ plugin.19 High-resolution epifluorecence images 

(100x) of fluorescence depletion tracks were acquired to verify particle motion was due to 

processive RNA hydrolysis. For high-resolution movies (100x), both brightfield and 

epifluorescence images were recorded at 5 sec intervals. For control (blocked) particles, 

after DNA particle hybridization with the surface, the remaining ssDNA on the particle 

was hybridized with a blocking strand (100 µM) in 1x PBS for 30 minutes. Prior to buffer 

exchange, the particles were carefully washed with 2 mL PBS to remove excess DNA 

blocking strand. For particle motion along RNA patterned tracks, a higher salt 

concentration of 150 mM KCl was used. 
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Figure 4.30. (a) Representative BF image superimposed with particle trajectories acquired over a 

30 min duration following addition of RNase H. The time-lapse was collected at 5 s intervals and 

shows that the majority (>90%) of particles moved following RNase H addition. The colors are 

randomly assigned to different particle trajectories. (b) Representative zoomed in particle 

trajectories from a showing the self-avoiding diffusion of particles. (c) Representative BF image 

superimposed with particle trajectories when the RNA substrate is replaced with a DNA substrate. 

Note that none of the particle moved following RNase H addition. 

 

4.4.17 Smartphone based SNP detection 

Two focusing lenses (obtained from toy laser pointer, $2) were taped together and 

adhered to the cell phone camera via double sided tape. The smartphone was placed onto 

a lab jack, which was used to focus onto the sample. The sample was placed onto an 

optically transparent plastic sheet, where a battery powered LED was positioned 

underneath for illumination. Tape was used to immobilize both the smartphone to the jack 
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and the sample to the plastic sheet in order to minimize drift. Using the smartphone 

application Lapse It Pro, images were acquired at the desired time intervals, where the 

displacements were subsequently measured using ImageJ image processing software. The 

reaction buffer required higher salt concentrations (75 mM Tris pH 8.0, 110 mM KCl, and 

4.5 mM MgCl2) due to the lower stability of the shorter sequences used in the SNP assay. 
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Chapter 5: Conclusion and Perspectives 
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5.1 Summary 

5.1.1 DzNP model systems and their applications towards gene regulation 

Confined catalytic reactions have been shown to have disruptive impacts on many 

different technologies (Chapter 1). However, controlling such reactions and predicting 

their properties still remains elusive. In this dissertation, I have described developments of 

two model systems in the hopes of expanding upon our understanding of surface confined 

enzymatic reactions. Both model systems possess unique emergent properties transcending 

that of individual enzymes due to their collective enzyme activity. In Chapter 2, we 

systematically studied the effects that Dz packing density and linker length on enzyme 

activity when immobilized onto a nanoparticle. Studying this model system, we were able 

to synthesize highly active and stable catalytic particles that could be used as a potent gene 

regulation therapeutic through a mechanism independent of RNAi.  Specifically, we 

showed that DzNPs can down-regulate GDF15 mRNA expression by 60% in a cell culture 

model. In Chapter 3, we expanded upon these studies using a more therapeutically relevant 

model and showed that DzNPs are highly modular in that they can regulate TNFα protein 

expression by targeting the corresponding mRNA in primary rat macrophages. This is 

particularly impressive in that macrophages are a challenging target for gene regulation 

because of their biological role in digesting and degrading foreign objects. We further 

highlighted the therapeutic efficacy of DzNPs using a rat model showing that these 

particles can down-regulate TNFα mRNA to reduce inflammation post cardiac infarction. 

Rats with a surgically-induced cardiac infarction and treated with DzNPs specific towards 

TNFα mRNA led to a ~40% improvement in heart function as determined by fractional 
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shortening measurements of the infarct tissue. These studies represent initial works 

demonstrating the therapeutic potential of DzNPs.   

 

5.1.2 DNA-based monowheels  

Motivated by the multitude of multivalent interactions found in nature, we were next 

curious about the physical properties of catalytic particles exposed to substrate that was 

also surface immobilized. In this model system, we anticipated that the particles would 

move along the surface and could even follow a substrate patterned track through a ‘burnt 

bridge’ mechanism. However, due to the concern over the modest RNA hydrolysis rate of 

individual DNAzymes when immobilized onto a particle and the known trade-off for 

multivalent systems in that koff slows down, we chose to investigate an alternate enzyme, 

RNase H (Chapter 4). RNase H is a highly efficient ribo-endonuclease enzyme that 

catalyzes RNA hydrolysis initiated by DNA hybridization. Specifically, it selectively 

hydrolyzes RNA when duplexed with DNA. Therefore, in the presence of RNase H, we 

expected DNA coated particles when exposed to immobilized RNA would function as a 

particle motor powered by RNA hydrolysis. Inspired by how motor proteins are driven by rapid 

ATP hydrolysis, up to 100 s-1, we anticipated that RNase H powered particle motors could 

approach velocities similar to that of motor proteins since the rate of RNA hydrolysis catalyzed by 

RNase H is very efficient, approximately 10 s-1.1,2 In addition to being driven by a very efficient 

enzyme, we were also inspired by the mechanism in how cells translocate with high processivity, 

which requires coordinated, parallel activity of highly multivalent focal adhesion contacts bound 

to the extracellular matrix.3 Therefore, we designed a massively multivalent DNA-based motor 

containing up to ~5,000 DNA-RNA duplexes at the particle-surface junction. We expected that 
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such massive multivalency would greatly enhance motor processivity and fidelity and enable 

particles to translocate through a rolling mechanism, which is a fundamentally distinct type of 

movement that can overcome the inherent tradeoffs of multivalent motors.4-6  

Specifically, we showed that these particle motors do indeed translocate through a rolling 

mechanism, which is why we termed them DNA monowheels (DMWs). We found that the DMWs 

could reach rapid speeds up to 5 µm/min and processivity of several hundreds of µm’s, thus 

approaching the capabilities of biological motor proteins. Because of the bead size, motor 

displacements were accurately tracked, allowing quantification of diffusion behavior. This analysis 

showed that this was the first experimental realization for self-avoiding diffusion, which we 

leveraged to control motor translocation along micro-patterned tracks. Moreover, due to the rolling 

mechanism, we were able to program DMWs to move in a linear fashion by incorporating 

anisotropy into the particle structure. This was the first example of directional without influence 

from an external field or patterned track. Because of the motor robustness, size, and molecular 

sensitivity, DNA monowheels could even be used to detect single nucleotide mutations using a 

simple smartphone readout, thus demonstrating the simplicity and usefulness of DNA-based 

motors towards real world applications.  

5.2 Future Outlook 

5.2.1 Other Enzymatic reactions 

These two model systems (DzNPs and DMWs) demonstrate the emergent properties resulting 

from localizing ribonuclease reactions at surfaces. However, there are many other classes of 

enzymes to be explored. For example, a DNAzyme with nuclease activity was recently discovered 

and could have major implications towards regulating gene expression at the DNA level, although 

delivery past the nuclear envelope will be a significant hurdle.7 However, bacteria do not possess 
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nuclei, therefore, nanoparticles functionalized with this class of DNAzyme targeting antibiotic 

resistant genes may have major implications in treating drug resistant bacteria. Along the same 

theme, other enzyme based monowheels could be studied, such as lipase, protease, kinase or 

phosphatase based monowheels.  These constructs may surpass the speeds of DMWs or even that 

of biological motors.8 Also, these motors may offer unique properties that have applications 

towards drug delivery or alternative therapies. However, these future directions involve simple 

model systems, in that they study confinement of single enzymes (solely DNAzymes or biological 

enzymes). A more interesting approach may be to combine both DNAzymes and biological 

enzymes into a single multi-enzyme construct.  

5.2.2 Multi-enzyme model systems 

5.2.2.1 Applications towards sensing 

Multi-enzyme model systems can greatly expand upon the complexity of the constructs 

described in Chapters 2-4, thus more accurately recapitulating living systems and providing 

emergent properties that neither system alone possesses.  For example, we have demonstrated that 

DMWs are an excellent platform for detection using a simple smartphone readout. However, this 

sensing platform can only detect single nucleotide mutations and expanding the scope of molecular 

inputs would greatly broaden its impact. One such strategy could be to incorporate a DNAzyme-

based sensing domain because many sensing assays have already been developed using 

DNAzymes owing to their inherent properties: metal selectivity, catalytic amplification, and 

stability. However, DNAzyme based monowheels would require long response times to detect 

motor displacements because of the modest catalytic activity of DNAzymes. In addition, a highly 

multivalent interaction with the surface would limit motor sensitivity.  However, a multifunctional 

particle modified with both RNase H antisense strands along with DNAzymes would provide a 
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synergistic solution to this problem, where only in the presence of the DNAzyme metal cofactor 

could the motor rapidly translocate. Such a sensing assay would greatly broaden the scope of 

DMWs to detect the myriad of metal cofactors (Hg2+, Pb2+, UO2+, Mn2+…).9 

Moreover, based on a similar design, co-modification of DMWs with other functional nucleic 

acids, such as aptamers or aptazymes, could even further expand the DMW scope to detecting 

small molecules and proteins. Such a construct would take advantage of the fact that DMWs are 

highly sensitive to the local surface binding kinetics (kon and koff), and depending on the DMW 

design, the aptamers or aptazymes could function as molecular brakes or accelerators. Due to the 

motor’s robustness and ability to be imaged using a smartphone, we believe that DMW–based 

sensors will have a major impact in tracking industrial contaminations and spread of diseases in 

remote locations. 

5.2.2.2 Applications towards gene editing   

Confined multi-enzyme networks are vital to living systems because they play a key role in 

enhancing cascading reactions through substrate shuttling and increasing local substrate 

concentrations. Many groups have replicated this phenomenon by controlling the distance between 

enzymes or enzymes and cofactors using synthetic scaffolds.10,11 However, extending this concept 

to DNAzyme-enzyme cascades can broaden the scope chemical reactions and can even have a 

major impact on the field of gene editing. By templating a hydrolytic DNAzyme with a ligase 

enzyme onto a synthetic scaffold, one could rationally edit genetic mutations in a highly modular 

fashion (Figure 5.1). The current gold standard in gene editing technology involves the 

CRISPR/Cas9 system, which is a multi-enzyme cascade that targets DNA and is highly 

programmable by simply altering the sequence of the RNA guide strand.12 However, this technique 

suffers the challenges of being low yielding, having off targeting effects, and delivery issues. A 
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multi-DNAzyme/enzyme scaffold may address these limitations by enabling high transfection 

efficiency due to the polyvalent DNAzyme scaffold, increased reaction yield by scaffolding 

enzymes together, and being highly selective due to the inherent properties of DNAzymes.  

 

Figure 5.1. Schematic of a mutli-enzyme gene editing complex with varying geometrical configurations 

where the ligase enzyme is either directly functionalized to the gold nanoparticle or immobilized using a 

long linker such that it forms an outer layer.    
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