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ABSTRACT 

   

DNA nanotechnology is one of the most flourishing interdisciplinary 

research fields. Through the features of programmability and predictability, DNA 

nanostructures can be designed to self-assemble into a variety of periodic or 

aperiodic patterns of different shapes and length scales, and more importantly, 

they can be used as scaffolds for organizing other nanoparticles, proteins and 

chemical groups. By leveraging these molecules, DNA nanostructures can be used 

to direct the organization of complex bio-inspired materials that may serve as 

smart drug delivery systems and in vitro or in vivo bio-molecular computing and 

diagnostic devices.  

 In this dissertation I describe a systematic study of the thermodynamic 

properties of complex DNA nanostructures, including 2D and 3D DNA origami, 

in order to understand their assembly, stability and functionality and inform 

future design endeavors. It is conceivable that a more thorough understanding of 

DNA self-assembly can be used to guide the structural design process and 

optimize the conditions for assembly, manipulation, and functionalization, thus 

benefiting both upstream design and downstream applications.  

As a biocompatible nanoscale motif, the successful integration, 

stabilization and separation of DNA nanostructures from cells/cell lysate suggests 

its potential to serve as a diagnostic platform at the cellular level. Here, DNA 

origami was used to capture and identify multiple T cell receptor mRNA species 

from single cells within a mixed cell population. This demonstrates the potential 

of DNA nanostructure as an ideal nano scale tool for biological applications. 
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CHAPTER 1 

 INTRODUCTION 

1.1 Introduction of DNA nanotechnology 

1.1.1 Overview 

DNA nanotechnology is a field in which artificial nucleic acid nanostructures are 

designed and constructed for a variety of technological purposes1-6. With accurate helical 

dimensions and predictable Watson-Crick hydrogen bond interactions, double helical 

DNA motifs have been widely utilized as programmable nanometer scale building blocks 

in this and several other research fields. DNA has a persistence length of 50 nm, and so, 

is rigid enough to provide structural stability in the nanometer range; meanwhile, single 

stranded and branched DNA motifs exhibit the flexibility necessary to construct complex, 

higher order one-, two- and three- dimensional (1D, 2D, 3D) structures2,7-12. Due to 

recent developments in molecular biology, there are of a range of commercially available 

enzymes and tool kits that can be used to easily manipulate DNA through synthesis, 

amplification, selective cleavage, digestion, insertion, ligation, labeling and conjugation. 

The field of DNA nanotechnology has undergone explosive development over the past 

three decades.11 

The growth and development of DNA nanotechnology has culminated in a variety 

of interesting structures and applications: from organizing nanoparticles, proteins, and 

nucleic acids, to serving as platforms for the assembly of complex biochemical 

machinery3-5. Most of these applications relied only on controlling the initial design 

parameters and observing the corresponding outcome, without much concern for the 

thermal features and/or mechanisms of nanostructure assembly. 
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1.2.1 DNA nanostructures 

        Bridging the gap between nano- and micro-scale structures, and achieving ever-

increasing complexity, is an ongoing challenge in structural DNA nanotechnology. In the 

early years researchers used a few short single strands of DNA (ssDNA), usually less 

than 100 nucleotides (nts), to form 10-30 nm DNA building blocks (tiles) with simple 

geometries.31, 8, 9 (Figure 1.1A) In 2006, Rothemund employed a 7249-nt single stranded 

virus genome (M13) and developed a scaffolded assembly method, commonly referred to 

as DNA origami.40 By using a large number (~ 200) of short, specifically designed 

ssDNAs (20-40 nts) that were complementary to various regions of the scaffold strand, he 

was able to fold the scaffold into relatively complex structures with ~ 100 nm 

dimensions. Each short ssDNA (staple) strand represented a 6-nm ΓpixelΔ  that 

provided a fully addressable surface for patterning DNA and other molecules. This 

important scaffolding strategy was a breakthrough in nano scale DNA structural design 

and facilitated larger sized structures, greater complexity and even curvature. (Figure 

1.1B) Recently, Yin and co-workers successfully constructed complex 2D and 3D 

structures of comparable size to scaffolded DNA origami using a scaffold-less strategy.2 

They cleverly designed hundreds of short DNA strands, referred to as single stranded 

tiles (SST) that self-assembled into more complex patterns. (Figure 1.1C) 
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Figure 1.1 Representative structures in DNA nanotechnology. (A) Examples of DNA 

tiles and assembled periodic arrays.41 (B) Illustration of scaffolded DNA origami and 

typical 2D and 3D structures.40, 42 (C) Illustration of scaffoldless DNA origami and 

examples.2 (Adapted with permission from ref 41, 40, 42, 2) 
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        Another route to scale up the size and complexity of DNA nanostructures is to 

utilize inter-tile association strategies. In these methods complementary single stranded 

Γsticky endsΔ are displayed from the edges of discrete DNA tiles or origami structures 

such that the individual tile units are connected together and anchored by hybridization of 

the sticky ends.10 The way in which the tiles extend in 1D or 2D and the number of tile 

units that associate together determine the final scale of the DNA array. (Figure 1.1A) 

1.1.3 Challenges of structural DNA nanotechnology 

        One major challenge in structural DNA nanotechnology is to both increase the size 

and complexity of DNA assemblies while simultaneously controlling the error rate.  The 

purity and relative stoichiometry of the participating ssDNA, and parameters such as 

structural constraints, DNA concentration, annealing profile, salt/ion concentration, and 

pH, should be optimized to reduce errors and improve the final assembly yield. In many 

cases researchers have to perform tedious and iterative experimental analyses to identify 

the optimal assembly conditions for a particular design, often based solely on their own 

previous experience and intuition, which is largely due to a lack of understanding of the 

underlying mechanisms of assembly and the availability of pertinent thermodynamic and 

kinetic data.  

Although many research directions have been established using either simple or 

complex DNA structures, most of them are focused on the starting conditions and final 

assembly outcomes, leaving the thermal behavior and mechanisms of assembly unknown, 

or ñin the black boxò. Studying the thermodynamic and kinetic properties of complex 

DNA systems will shed light on the process of DNA nanostructure assembly. DNA 

nanotechnology actually represents a unique opportunity to gain insight about the 
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dynamic changes and transition states of polyvalent binding events that accompany the 

association of DNA strands.13,14 A few mechanistic studies of the formation of DNA 

nanostructures have already revealed various physical and chemical aspects of assembly, 

not only providing valuable predictive power that promotes upstream design efficiency, 

but also informing the construction of complex systems for downstream applications via 

purposive modifications for upstream applications. (Figure 1.2) 

 

Figure 1.2 Thermodynamics and Kinetics of DNA Nanostructure Self-assembly benefit 

upstream structural design and downstream applications. 1-5, 9 (Adapted with permission 

from ref 1-5, 9) 
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1.2 Thermodynamics of DNA Nanostructures  

1.2.1 Overview of the thermodynamics and kinetics 

The thermodynamics of DNA structures explains the overall energy changes and 

transitions between single and double stranded states, reflecting the stability, 

cooperativity and intrinsic flexibility of assembled structures. When ssDNAs with 

rationally designed sequences are mixed together, heated to a high temperature to disrupt 

unwanted base pairing, and then gradually cooled, the DNA strands associate with 

complementary strands and self-assemble into the designed shapes and patterns. In 

contrast, the assembled structures dissociate (melt) into the individual ssDNAs in 

response to increasing temperature. For cases in which the rate of temperature change is 

sufficiently low, dynamic equilibrium at each temperature is achieved. The 

association/dissociation processes can be considered reversible and are expected to 

display overlapping traces. From these thermal association/dissociation curves we can 

extract the melting temperature (Tm), which is the midpoint of the transition where half of 

the structure is associated and half is dissociated (Figure 1.3A), and the width of the 

transitions, reflecting the cooperativity of association/dissociation. Other thermodynamic 

parameters that can be extracted from vanôt Hoff analyses include the free energy change 

(ȹG), enthalpy change (ȹH), and entropy change (ȹS) of association/dissociation. These 

parameters reflect the overall thermal stability, contribution from intermolecular 

interactions, and internal rigidity/flexibility  of the nanostructures, respectively.  

Kinetic analyses describe reaction rates in non-equilibrium states, and provide 

instructional information about the reaction's transition states and the time required to 



7 

reach reaction equilibrium under certain conditions. For example, kinetic studies of DNA 

nanostructures that focus on the rate of structural formation and underlying mechanisms 

such as the activation energy (Ea) reveal details that are not accessible through 

thermodynamics studies. Temperature dependent rate constants (k) can be determined 

from kinetic curves (Figure 1.3B). The Ea of a reaction reflects the energy barrier 

required to facilitate a given reaction pathway and can be obtained from temperature 

dependent kinetic measurements (Arrhenius plots).  

  

Figure 1.3 Data profiles of thermodynamic and kinetic measurements. (A) A 

representative thermal curve. The melting temperature (Tm) is the temperature at which 

50% of the reaction is complete. (B) A representative kinetic curve.  

 

DNA nanostructure assembly can be evaluated from two perspectives: single-

stranded DNA interactions that form structural motifs, and the overall structural stability 

and flexibility of the final assembly. The main factors that affect the thermodynamic and 

kinetic behavior of the structural motifs are the length and sequence of the participating 

ssDNAs and their binding domains; other factors include the overall dimensions of the 

nanostructure (i.e. its translational and rotational diffusion dynamics), the locations of the 
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binding domains that may be sterically hindered, the rigidity of the structures before and 

after assembly, the folding path of the ssDNAs, and the distances between crossover 

points.  

1.2.2 Measurement strategies 

Until now, a few methods have been reported for observation of the dynamic 

assembly of DNA nanostructures, including optical spectroscopy, atomic force 

microscopy15, and micro-calorimetry16. The latter two are less commonly used due to the 

slow (delayed) read out, large sample volumes required, and possible interference from 

environmental factors.   

For optical spectroscopy methods, researchers generally utilize the change in UV 

absorbance at 260 nm that occurs when DNA double helices change from ordered 

(native) to disordered (denatured) structures, referred to as the hyperchromic effect. The 

primary drawbacks of this method are the relatively small signal change, especially for 

DNA origami samples in the presence of large excess of staple strands, and the structural 

damage to DNA that is caused by prolonged UV exposure.  

DNA intercalating dyes, e.g. SYBR Green (or SYBR Gold, YOYO dyes), 

preferentially bind to double rather than single stranded DNA, exhibiting a concurrent 

increase in fluorescence quantum yield when intercalated between the DNA base pairs. 

They have been used for studying the DNA self-assembly process in real time by 

monitoring the fluorescence intensity change with temperature or time.16,17 The ratio of 

dye molecules to DNA base pairs must be carefully controlled to produce a usable signal 

change while simultaneously minimizing the background. However, the intercalating 

dyes may induce a change in the helical twist of the DNA, leading to conformational 
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distortions of the structures1. Moreover, the switches between single and double stranded 

states induce a new equilibrium between the molecules, which may result in a delayed 

detection of the signal change. Finally, the strong interactions between the intercalating 

dyes with the DNA bases may cause changes in the thermal stability of the DNA 

structures to be investigated. Nevertheless, the sensitivity and convenience of this method 

make it useful in many thermal studies.17,18   

An alternative optical spectroscopy method for monitoring the thermal or kinetic 

behavior of DNA nanostructures is through the covalent incorporation of fluorescent 

dyes, either pairs of För ster Resonance Energy Transfer (FRET) dyes or fluorescence 

dye-quencher pairs. FRET is a well-established measurement technique commonly used 

to study distance dependent molecular events. It is well suited for studying dynamic DNA 

nanostructure assembly/disassembly due to the predictable behavior of the energy 

transfer process at the nanometer scale. When a strategically placed FRET pair is brought 

into close proximity during assembly of the DNA nanostructure, resonance energy 

transfer between the donor and acceptor fluorophores result in a decrease in the intensity 

of donor emission and a simultaneous increase of acceptor emission, while the opposite 

occurs during the dissociation process. Thus, the FRET or quenching efficiency reflects 

the assembly yield of the DNA structures accurately, sensitively and instantly, which 

have made fluorescence spectroscopy a popular method in DNA thermodynamics and 

kinetics studies.19,20  

Fluorescently labeled ssDNA (labeled at the 5ô or 3ô end or internally on the sugar 

or the base) is commercially available with a variety of dye choices with unique 

excitation/emission wavelengths. This convenience has made fluorescence spectroscopy 
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the most popular way to study the thermodynamics and kinetics of DNA 

nanostructures.19, 20 Since only one or two labeled strands are required for experiments, 

there is minimal background interference. For multi-molecular (n>2) reactions, a FRET 

pair can simplify data analysis by enabling the use of a two-component model to describe 

the assembly process. However, experiments have shown that the thermal properties that 

are derived only reflect the portions of the structure that are labeled by the FRET pair, 

and do not freely extend to reflect that of the whole structure.19 A recent study 

demonstrated that that FRET dye pairs can be used as probes to sense the presence or 

absence of strands surrounding the FRET dye.21 This suggests that the sensitivity of some 

reporter dyes to the local environment can not only be used to probe the global structure, 

but can also distinguish fine structural changes within a larger structure. Some 

fluorophores display significant signal changes upon hybridization to ssDNA, possibly 

due to changes in their interaction with neighboring nucleotides (accompanied by a 

change in quantum yield), which makes it possible to use a single fluorophore to indicate 

structural changes.22    

Besides these spectroscopic approaches, a more direct method of analysis was 

performed by Dong and co-workers.15 They used atomic force microscopy (AFM) to 

visualize the conformational transformation of a DNA origami assembly. Although the 

temperature on a mica surface cannot be well controlled, and the formation of the origami 

in their study occurred at a solid-liquid interface (and likely exhibits different thermal 

behavior compared to in solution), it still demonstrates that researchers are pursuing 

advanced techniques to more broadly study the thermal behavior of DNA nanostructures. 
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1.2.3 Principles of DNA thermodynamics 

        To uncover the thermodynamics of DNA self-assembly through optical 

spectroscopy, the intensity of the absorbent or fluorescent signal (I) should be sampled 

and recorded at many temperature points during both the annealing (cooling) and 

denaturing (heating) processes to generate a thermal profile. The rate of temperature 

change should be slow enough to allow the system to reach thermal equilibrium at each 

sampling temperature and the background signal should be minimized and subtracted. At 

temperature points well above and below the transition temperature, a plateau in the 

thermal curve will be observed, indicating the complete dissociation or assembly of the 

DNA nanostructure, respectively. The variation of I with temperature reflects temperature 

dependent structural changes within the nanostructure. Assuming a linear dependence of 

the signal with concentration, the normalized intensity is expected to be proportional to 

the concentration of fully formed structures (ɗ):  

ɗ =  ,                                                                                (1) 

where Imin and Imax are minimum and maximum signal intensity, respectively. The value 

of ɗ is between 1 and 0, where 1 corresponds to complete assembly of all structures in 

solution, and 0 corresponds to complete dissociation.  

For FRET experiments, typically, the emission of the donor fluorophore is 

recorded for two samples: one in which both FRET dyes are present, and a reference 

sample in which only the donor dye is present (Figure 1.4A). Rather than directly 

comparing the signal levels, the FRET efficiency (E) is calculated using the following 
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equation to reflect the change in distance between the FRET pair, and thus, the 

temperature dependent structural changes:  

E =  ,                                                                                 (2) 

where IDA and ID represent the emission signal of the donor dye with and without the 

acceptor dye present, respectively. Similarly, the proportion of assembled structures (ɗ) is 

calculated from the normalized FRET efficiency using the following equation:  

ɗ =  ȟ                                                                                (3) 

where Emin represents the minimum FRET efficiency that occurs when the nanostructure 

is completely dissociated, and Emax represents the maximum FRET efficiency that occurs 

when the nanostructure is completely assembled.  

 After determining the assembled fraction of dimers at each temperature using 

Equation 3, ɗ is plotted against temperature and the heating and cooling profiles are 

superimposed (Figure 1.4B). If the two curves overlap well with each other, it can be 

concluded that the assembly/disassembly process is reversible and that thermal 

equilibrium was achieved at each temperature. In order to determine the midpoint of the 

assembly/disassembly process, the first derivative of ɗ (dɗ/dT) is plotted versus T and a 

Gaussian function is used to fit the curve. The melting temperature (Tm) corresponds to 

the point in the curve at which half of the structures are fully assembled, and half are 

fully denatured. The higher the melting temperature of the DNA structure, the more 

stable the final assembly is. The Gaussian fit also reflects the width (w) of the transition, 

indicating if the assembly/disassembly process occurs over a narrow or wide temperature 



13 

range; the more narrow the width of the transition, the more cooperative the 

assembly/disassembly process is (Figure 1.4C). 

        For a reversible thermal transition in a bi-molecular reaction system, where 

equilibrium is reached at each temperature, the vanôt Hoff law can be applied to obtain 

the enthalpy change (ȹH), entropy change (ȹS) and free energy change (ȹG). The 

equilibrium constant (Keq) with temperature is a function of ɗ and is given by the 

following equation: 

Keq =  ,                                                                                      (4) 

where C0 is the initial concentration of individual the ssDNAs and thus, the DNA 

nanostructure. Keq can also be expressed as a function of temperature by the following 

equation: 

ln Keq =  
Ў

 
Ў

                                                                              (5) 

ȹH and ȹS can be obtained from a plot of ln Keq versus 1/T in the linear range in which 

ȹH and ȹS are temperature independent (Figure 1.4D). Finally, ȹG can be calculated 

from the van ôt Hoff enthalpy and entropy changes by the Gibbs equation: 

ȹG = ȹH ï TȹS,                                                                                       (6) 

where T is 298 K (25 °C ). The energetic gains and losses of ȹG, ȹH and ȹS should be 

considered together to describe the stability and flexibility of the DNA structures. 
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Figure 1.4. An example of thermodynamic data analysis when a FRET pair is used as an 

indicator.14 (A) Plot of the raw fluorescent intensity of the donor dye versus temperature. 

The data was collected during both the cooling/heating processes, shown in dark blue and 

red for the donor/acceptor sample, and light blue and pink for donor only sample, 

respectively. (B) Plot of normalized FRET efficiency (ɗ) as a function of temperature. (C) 

First derivative of curves shown in B as a function of temperature, fit by a Gaussian 

function to yield the melting temperature (Tm) and the width of the transition (W). (D) 

The corresponding vanôt Hoff plot with a linear fit to obtain the enthalpy (ȹH) entropy 

(TȹS), and free energy changes (ȹG). (Reprinted with permission from ref 14) 

 

        There are several important considerations when applying this type of 

thermodynamic analysis to DNA nanostructures. First, in some complex structures like 

3D origami, the cooling/heating curves that reflect the assembly/disassembly processes 

do not overlap, regardless of the rate of temperature change.17, 21 In such structures the 

long scaffold strand, under the direction of hundreds of staple strands, must overcome a 

relatively high energy barrier to realize the complicated folding pathway. This is a slow 
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process and occurs at a lower temperature than the corresponding dissociation of the 

structure. The assembly likely occurs in steps, as partial double helices are formed in 

sequence until the final structure is achieved; however, the melting occurs quickly and 

completely at higher temperatures. Second, there are situations in which more than one 

transition is observed, indicating the presence of a barrier to homogeneous nucleation and 

assembly. For example, for the one-pot assembly of a periodic lattice from repeating 

DNA tiles the individual tiles will first self-assemble at higher temperatures, followed by 

cohesion of sticky ends between the tiles to form the final lattice structure. Also, if the 

DNA nanostructure has relatively flexible regions, it is possible to detect the transitions 

corresponding to the assembly of long, continuous domains versus shorter, more flexible 

domains or nick points within the same assembly.30, 32  

1.3 Development of DNA nanostructure thermodynamics 

1.3.1 Development of thermodynamic study 

As early as 1987, Breslauer and co-workers studied the thermal behavior of DNA 

junction motifs by UV absorbance and other calorimetry methods23. With the 

development and application of improved measurement approaches, more accurate and 

thorough analyses of the thermodynamic properties of DNA nanostructures have since 

been achieved. Estimating the thermal parameters of Watson-Crick base pairing based on 

the nearest neighbor model, when the salt conditions and sequences are provided, is now 

common using software such as Mfold.24,25  The formation of a 9 bp duplex was shown to 

have ȹH= - 62.1 kcal/mol and ȹS = - 176 cal/K/mol by Howard (Figure 1.5A).26  

Duplexes with bulges or mismatches have lower Tms, which can be remitted using higher 

Na+ or Mg2+ concentrations.27 The thermodynamic properties of 8 bp DNA/DNA, 
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RNA/RNA and DNA/RNA hybrid duplexes indicated that RNA duplexes are the most 

stable, with Tms in the 60-66 °C range and ȹG37 of -13 kcal/mol, compared to DNA/DNA 

or hybrid duplexes, both with Tms between 42-54 °C  and ȹG37 ~ - 9 kcal/mol.28  

Double (DX) crossover motifs are composed of two duplexes linked side by side 

at two double crossover points (as in a Holliday junction), and have been used to 

construct periodic 1D and 2D arrays via sticky end associations.19,29  The thermal 

behavior of individual DX tiles show multiple transitions between 45 °C  to 70 °C 12,30,31, 

where the folding of long undisrupted duplexes, and duplexes with a nick point, are 

distinguishable by two transitions (Figure 1.5B). 4-helix tiles are two DX tiles linked side 

by side and display similar thermal transitions as DX tiles (Figure 1.5C), while more 

complex 8- and 12-helix tiles have a single thermal transition indicating the existence of 

more cooperative assembly processes in larger systems (Figure 1.5D, 1.5E).8  

 

Figure 1.5 Examples of thermodynamic analyses of DNA tile nanostructures. (A) 9 bp 

duplex26, (Reprinted with permission from ref 26. Copyright 2000 American Chemical 

Society.) (B) DX tile31, (C) 4-helix tile8, (D) 8-helix tile8 and (E) 12- helix tile8 A 

representative thermodynamic profile, values of Tm (or ȹH and ȹS if reported), and 

conditions are listed.  

 

More complicated junction tiles, including triple crossover (TX) and parallel 

crossover (PX) tiles were investigated by the Seeman group.7,32-34 When they compared 
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DX and TX tiles of the same length and similar GC content, they found TX tiles also 

displayed two transitions and concluded that the overall stability of TX and DX tiles is 

comparable (Figure 1.6A).32 Beyond that, they also examined the thermal stability of 

conventional Holliday junctions, which have Tms higher than antijunctions and 

mesojunctions (involving one or two nick points in the backbone), indicating that more 

flexible stacking domains in the latter junctions destabilize the base pairing interactions 

that flank the junction point (Figure 1.6B).34 Another study from their group investigated 

PX tiles and demonstrated the thermally preferred formation of PX tiles over juxtaposed 

parallel (JX1) tiles (Figure 1.6C).33 Compared to simple duplexes, both PX and JX1 tiles 

have comparable enthalpic gains, but higher entropic penalties due to the formation of 

more compact crossovers, resulting in kcal/mol-bp penalties in free energy.  

To develop more complex and larger structures, researchers covalently linked 

four Holliday junctions together and created four-arm tiles (4x4) that were subsequently 

used to assemble 2D arrays (Figure 1.6D).9 An accurate thermal study of 4x4 tiles and 

their arrays was performed by the Niemeyer group19 using fluorescence spectroscopy. 

Compared to previous studies using UV absorbance measurements, they observed two 

distinguishable transitions for the periodic lattice formation; the lower temperature 

transition reflected the cooperative formation of 2D arrays from the individual tiles 

through sticky ends associations (Figure 1.6E). This study demonstrated the accuracy of 

applying FRET pairs to provide full thermodynamic characterization of tile assembly and 

array growth. 
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Figure 1.6 Examples of thermodynamic analyses of complex DNA tiles and tile array 

formation. (A) TX tile32. (Adapted with permission from ref 32. Copyright 2000 

American Chemical Society.) (B) Holliday junction, antijunction and mesojunction 

tiles34. (Adapted with permission from ref 34. Copyright 1992 American Chemical 

Society.) (C) PX and JX tiles33. (Adapted from Biophysical Journal, 97, Spink, C. H.; 

Ding, L.; Yang, Q.; Sheardy, R. D.; Seeman, N. C.: Thermodynamics of forming a 

parallel DNA crossover, 528-38, 2009, with permission from Elsevier.) (D) 4x4 tile9. 

(From ref 9. Adapted with permission from AAAS.) (E) 4x4 lattice19. The reported Tm 

values are listed.  

 

Recently, researchers have begun to uncover the thermodynamic properties of 

more complex DNA nanostructures such as DNA origami, although a more thorough 

study of these structures has yet to be achieved, and new approaches to de-convolute the 

energetics are needed. Dietz and co-workers17 reported higher melting temperatures than 

folding temperatures for a series of 3D origami structures (Figure 1.7C), which is in 

agreement with a study from the Liu group21 that compared the thermal profiles of 2D 

(Figure 1.7A) and 3D origami (Figure 1.7B). We observed that 2D origami structures 

exhibit good overlap between the folding/melting curves, indicating a highly cooperative 

and energetically favorable scaffold topology, in contrast to 3D structures that displayed 

a 7-10 °C hysteresis. FRET probes were used to study the local environment and thermal 

behavior of several partially formed origami structures, and the nearly homogenous 

assembly of 2D origami was verified. The diverse formation/dissociation behavior of the 

3D origami depended on the scaffold path and staple arrangement, which presumably 
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causes a much slower formation rate in the cooling phase (Figure 1.7D). The long 

scaffold strand, under the direction of hundreds of staple strands, must overcome a 

relatively higher energy barrier to realize the complicated folding pathway. The 

disassembly likely occurs in steps, as the parallel double helices may dissociate from both 

ends toward the middle, until the final structure is completely dissolved at higher 

temperatures. However, the folding occurs slowly and strands located at different 

positions appear to incorporate into the final structure within a narrow temperature range, 

albeit at a much lower temperature than the melting temperature.  

The Liu group also performed systematic thermodynamic studies of tile-tile 

interactions.13,14 We evaluated multivalent sticky-end association between two 

complementary multi-helical DNA tiles and found that increasing the number of inter-tile 

interactions enhanced dimer stability, and changing the relative positions of the sticky 

ends resulted in unique superstructure Tms and free energy changes. The formation of 

dimer structures from more flexible tiles was shown to proceed with favorable enthalpic 

gains due to reduced energetic strain, but involved much higher entropic penalties 

because of the order induced on the tiles, resulting in an overall lower thermal stability 

(Figure 1.7E). 
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Figure 1.7 Examples of thermodynamic analyses of DNA origami and tile-tile 

interactions. (A) 2D21 and (B21-C17) various 3D origami and the corresponding thermal 

profiles reported. (D) Evaluating cooperativity during the assembly/disassembly of 

different parts of a 3D cuboid origami structure.21 (From ref 17. Reprinted with 

permission from AAAS.) (E) Illustration depicting the thermodynamic stabilities of 

dimers formed from DX tiles with varying flexibility.14  

 

 All of the previously described studies have provided useful quantitative, 

thermodynamic information describing discrete DNA motifs and periodic arrays. By 

carefully comparing thermal profiles, the less favorable conformational arrangements 

such as parallel crossovers and complex scaffold topologies were revealed. The existence 

of extended, undisrupted, double helical domains, higher GC content, greater numbers of 

longer sticky ends with favorable positions, and higher Mg2+ concentration can 

significantly improve the stability and formation of DNA nanostructures. 




















































































































































































































