
Reprogramming and manipulating DNA assembly using 

simple self-assembly principles 

Nicole Avakyan 

Department of Chemistry, McGill University 

Montréal QC Canada 

September 2018 

A thesis submitted to McGill University in partial fulfillment of the requirements 

for the degree of Doctor of Philosophy 

© Nicole Avakyan, 2018 



 



 

 

 

 

 

 

 

 

To my parents, Inna and Levon, 

Сидела-бы я здесь без вашей любви, терпения и ежедневной помощи? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

… pour entrer dans le secret des choses, il faut d'abord se donner à elles. 

-  Simone de Beauvoir, Mémoires d’une jeune fille rangée (1958) 



ii 

 



iii 

Abstract 

 

 

Supramolecular chemistry is the “chemistry of molecular information”. Information stored 

in the structural features of molecules is recognized and processed at the supramolecular level and 

drives the ever more complex organization of matter – from the formation of simple host-guest 

complexes, to the assembly of viral capsids and the emergence of life itself. The work presented 

in this thesis uses basic principles governing intermolecular interactions to manipulate the 

assembly of DNA, a molecule that exemplifies the concept of information storage in its structure. 

In Chapter 2, simple molecular recognition principles are applied to expand the DNA base-pairing 

alphabet. A small molecule, cyanuric acid, with three thymine-like faces, is determined to 

reprogram the assembly of poly(adenine) strands into micron-long fibers with a unique internal 

structure. Adenine residues and cyanuric acid molecules are shown to associate into hexameric 

rosettes that bring about the formation of poly(adenine) triplexes and subsequent polymerization 

into nanofibers. Fundamentally, this finding demonstrates that a small molecule can induce nucleic 

acid assembly, giving rise to a new type of structure from inexpensive, readily available materials. 

Further examination of the mechanisms involved in nanofiber formation in Chapter 3 uncovers 

that the supramolecular polymerization of poly(adenine) strands proceeds through a cooperative 

mechanism. A new methodology to analyse thermal hysteresis profiles provides a quantitative 

understanding of the kinetics and thermodynamics of the assembly process. In addition, key 

parameters influencing assembly are identified and can be tuned to modify nanofiber properties in 

potential nanomaterials applications. While hydrogen bonding and π-stacking interactions 

dominate the co-assembly of poly(adenine) and cyanuric acid described in Chapters 2 and 3, a 

different combination of intermolecular interactions is used to manipulate the long-range assembly 

of DNA nanostructures into ordered networks in Chapter 4. Blunt-ended DNA tiles, or tiles lacking 

complementary single-stranded portions at the duplex ends, with and without a cholesterol 

anchoring moiety, are interfaced with lipid bilayers, a soft support with composition-dependent 

properties. The balance of π-stacking interactions between DNA duplex ends, cholesterol-

mediated nanostructure anchoring, electrostatic DNA binding to the bilayer surface, and the fluid 

nature of the lipid bilayer enable the formation of dynamic materials with long-range order and 
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tunable morphology on a cell membrane-like support. In turn, these lattices represent a tool for 

organizing materials such as nanoparticles or proteins at a biological interface, with potential 

applications in cellular recognition, development of model systems for study of membrane proteins 

or plasmonics. Altogether, this thesis demonstrates that information encoded in molecular building 

blocks and the interplay between intermolecular interactions can be used to manipulate the 

assembly and long-range organization of DNA to achieve new structures and higher complexity.   
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Résumé 

 

  

La chimie supramoléculaire est aussi appelée la « chimie de l'information moléculaire ». 

L'information structurelle des molécules est reconnue et traitée au niveau supramoléculaire, 

entraînant ainsi la complexification de l’organisation de la matière – de la formation de simples 

composés d'inclusion à l'émergence de la vie elle-même. Le travail présenté dans cette thèse 

applique les principes fondamentaux régissant les interactions intermoléculaires pour manipuler 

l'assemblage de l'ADN, un archétype du stockage de l'information dans la structure moléculaire. 

Dans le Chapitre 2, des principes élémentaires de reconnaissance moléculaire sont appliqués pour 

élargir l'alphabet d'appariement de bases d'ADN. L'acide cyanurique, une petite molécule à trois 

faces de type thymine, est utilisé pour reprogrammer l'assemblage de brins de poly(adénine) en 

fibres d’une longueur de l’ordre du micromètre avec une structure interne unique. Nos résultats 

indiquent que l'association des unités d'adénine et d'acide cyanurique forme des rosettes 

hexamériques, entraînant ainsi la formation de triple-hélices de poly(adénine) et leur 

polymérisation subséquente en nanofibres. Fondamentalement, cette découverte démontre qu'une 

petite molécule peut induire l’assemblage de brins d'ADN, formant ainsi une nouvelle structure à 

partir de matériaux peu coûteux et abondants. Dans le Chapitre 3, des études visant les mécanismes 

impliqués dans la formation des nanofibres révèlent que la polymérisation supramoléculaire des 

brins de poly(adénine) avec l'acide cyanurique passe par un mécanisme coopératif. Une nouvelle 

méthodologie d’analyse de profils d'hystérèse thermique fournit une compréhension quantitative 

plus approfondie de la cinétique et de la thermodynamique du processus d'assemblage. Certains 

paramètres clés qui influencent l'assemblage sont également identifiés et peuvent être modifiés 

afin d’ajuster les propriétés des nanofibres et de développer des applications potentielles en tant 

que nanomatériaux. Alors que les liaisons hydrogène et les interactions entre cycles aromatiques 

dominent le co-assemblage de poly(adénine) et d'acide cyanurique décrit dans les Chapitres 2 et 

3, une combinaison différente d'interactions intermoléculaires est utilisée pour manipuler 

l'assemblage de tuiles d'ADN en réseaux ordonnés à grande échelle dans le 4e Chapitre. Ainsi, des 

tuiles d'ADN à extrémités franches, c’est-à-dire sans ajout de portions d’ADN complémentaire 

aux extrémités, sont modifiées avec une molécule de cholestérol servant d’ancre hydrophobe.  
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L’étude de l’interface entre ces tuiles, modifiées ou non, et des bicouches lipidiques, supports 

souples avec des propriétés dépendantes de la composition, est entreprise. L'équilibre des 

interactions entre cycles aromatiques joignant les extrémités des duplex, l'ancrage de la 

nanostructure médiée par le cholestérol et les liaisons électrostatiques de l'ADN à la surface de la 

bicouche permet de construire des matériaux dynamiques ordonnés à grande échelle, permettant 

aussi d’obtenir des morphologies ajustables. À leur tour, ces réseaux représentent un outil pour 

organiser des matériaux tels que des nanoparticules ou des protéines à une interface biologique, 

avec des applications potentielles dans la reconnaissance cellulaire, le développement de systèmes 

modèles pour l’étude de protéines membranaires ou les systèmes plasmoniques. En somme, cette 

thèse démontre que l’information structurelle codée dans des blocs de construction moléculaires 

et un juste équilibre d’interactions intermoléculaires peuvent être utilisés pour manipuler 

l'assemblage de l'ADN et son organisation à plus grande échelle. 
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1.1 Supramolecular chemistry and self-assembly:                                      

The chemistry of molecular information  

Whether on the atomic or on the galactic scale, the emergence of complexity in the matter 

that surrounds us is driven by self-organization.1 While at the level of star systems self-

organization is operated by gravitational forces, in the realm of supramolecular chemistry, there is 

a collection of intermolecular interactions that determine how molecules acquire secondary 

structure, affect each other and assemble into larger complexes.  

The father of supramolecular chemistry, Jean-Marie Lehn, has called this field ‘the 

chemistry of molecular information’.2 This information is stored in the structural features of every 

molecule. It is then read at the supramolecular level following principles of molecular recognition, 

taking into account electronic and steric effects, conformational flexibility, solvation (including 

the hydrophobic effect), etc.2 The interplay of adhesive and repulsive forces3 (such as hydrogen 

bonding, π-π stacking and van der Waals forces) defines interactions between molecules and drives 

the ever more intricate, hierarchical organization of matter. The spontaneous and reversible 

process by which molecules associate into larger and more complex structures according to the 

information stored in the molecules themselves is called self-assembly.4 From the formation of a 

simple inclusion complex, to the folding of a protein serving a specific catalytic function, the 

assembly of a highly structurally complex biological entity such as a virus, and the emergence of 

life itself – the information stored in molecular structure drives ordering and complexity. 

 

1.2 Self-assembly across length scales 

The development of nanotechnology and nanomaterials, technologies and materials that 

operate and have specific size features on the nanometer scale, can be achieved by two main 

approaches – “top-down engineering” and “bottom-up synthesis”.5 On one hand, the top-down 

approach starts out with bulk materials and uses advanced techniques to engineer and manufacture 

miniaturized systems. On the other hand, the bottom-up method uses molecular synthesis and 

supramolecular interactions to produce functional nanoscale structures. Importantly, self-assembly 

can access the size range relevant to nanomaterials, from the molecular (measured in angstroms) 

to the top-down fabrication worlds (~ 100 nm). The added advantage of self-assembly is that 
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hierarchical organization can be integrated into the building blocks, providing access to ordered 

materials and systems at a larger scale, which is beautifully illustrated in the long-range 

organization and hierarchical complexity encountered in natural systems. 

 

1.3 Natural and man-made long range self-assembly systems  

The rational design of self-assembly systems is largely inspired by nature and assemblies 

found in biology. On the scale of isolated binding events, supramolecular interactions direct 

substrate binding to a receptor. At the level of small, discrete particles, viral genomes are 

sequestered for their protection inside protein shells that assemble according to exquisite symmetry 

through precise interactions between different subunits.  Recently, artificial counterparts, protein 

cages composed of non-viral building blocks, have been rationally evolved6 and were even able to 

encapsulate a viral genome.7 In addition, countless drug delivery systems inspired by the cargo 

protection afforded by viral capsids have been developed in the last few decades to encapsulate 

small molecule drugs or nucleic acids for potential gene therapy applications.8 

On a larger scale, supramolecular interactions drive the formation of complex materials 

with hierarchical organization that have a variety of fundamental functions. Biological membranes 

self-assembled from amphiphilic lipid molecules under the influence of the hydrophobic effect9 

have essential roles in creating compartmentalization in living organisms. They sequester different 

cellular components into separate compartments, thus giving rise to spatial organization and 

creating organelles with specialized functions. Furthermore, lipid membranes represent a fluid 

support to organize enzymes, receptors mediating communication with the outside environment, 

and tether scaffolding components. The scaffolding inside the cell, composed of dynamic yet 

robust supramolecular filaments, maintains the cell’s shape, acts as a track for the transport of 

materials inside the cell, and can be reconfigured to direct cell motility.10 There is a wide variety 

of supramolecular fibers in the extracellular environment as well, with structural and 

communication-related roles.11,12 

It is no wonder that biological materials are a source of inspiration for long-range 

organization in technological applications. Compartmentalization afforded by supramolecular 

membranes and shells can be used to create a nanoreactor or to protect sensitive cargo during 

targeted drug delivery. Scaffolding materials can organize materials precisely in space, while 
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addressable surfaces have the added advantage of accelerating the kinetics of reactions by 

confining active components to 2D rather than 3D space. Altogether, the levels of controlled 

assembly achieved with hierarchical organization obtainable by self-assembly give rise to intricate 

structure that consequently enables greater functional complexity. The elegance and complexity 

of natural systems thus serve as a template for researchers to elaborate new functional materials. 

 

1.3.1 Amphiphilic self-assembly and lipid bilayers 

Amphiphilic molecules are among the most powerful building blocks for self-assembly. 

They are ubiquitous in biology (lipids), daily life (detergents) and advanced technological 

applications.13 Amphiphiles contain both hydrophilic and hydrophobic portions which have 

opposing minimum energy requirements for solvation, defining their interactions with the 

surrounding medium. In water, amphiphilic self-assembly is driven by the hydrophobic effect, 

resulting in aggregation of hydrophobic portions away from the aqueous environment, and leaving 

hydrophilic groups exposed.14  

Phospholipids are amphiphilic molecules which constitute the main components of 

biological membranes. Their structure is characterized by (i) a hydrophilic polar head group, which 

can be charged or zwitterionic, (ii) a linker, typically a small molecule such as glycerol, and (iii) 

hydrophobic tail groups, alkyl chains of variable length and degrees of unsaturation.15 Glycero- 

and sphingophospholipids are the main types of phospholipids composing biological membranes 

(Figure 1.1 a).16 Depending on the size and shape of their hydrophobic and hydrophilic portions 

(determined by the size and electrostatic properties of the head group, as well as the number, length 

and degree of unsaturation of the alkyl tails), phospholipids can self-assemble into various 

architectures such as micelles, extended bilayers or vesicles (Figure 1.1 b). 

Within lipid bilayers, the structural features of phospholipids play additional important 

roles in long-range organization by influencing the bilayer phase behavior. Different phase 

behaviours (Figure 1.1 c) arise from lipid-lipid interactions that determine lipid packing and are 

highly dependent on the length and degree of unsaturation of the hydrophobic tails.16 In typical 

biomembranes, liquid disordered (Ld), or fluid, phases tend be enriched in unsaturated 

glycerophospholipids, while solid-like gel phases are enriched in sphingomyelin, a saturated long-

chain lipid. Gel phases exhibit much denser packing than do Ld phases which, in contrast, allow 
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for a high degree of translational mobility. Sterols, a non-polar lipid class, such as cholesterol 

(Figure 1.1 a), are also important biomembrane components. Cholesterol participates in the 

formation of liquid ordered (Lo), or ‘raft’-like phases which display the high degree of ordering of 

a solid and high translational mobility of a fluid at the same time.17 Artificial membranes can be 

generated from lipid mixtures where mixture composition and temperature allow fine control over 

phase behaviour.18 

 
Figure 1.1| Biological lipids, their self-assembled structures and phase behaviours. a) Lipid types commonly 

found in biology: glycerophospholipid, sphingolipid and sterol. b) The shape of the lipid molecule highly influences 

the type of assembly it forms. Common lipid assemblies: i) Micelle, ii) Bilayer, and iii) Vesicle. c) Lipid bilayer 

phases: i) Liquid disordered (Ld), or fluid phase, ii) Gel phase (Lβ), and iii) Liquid ordered (Lo), or ‘raft’ phase. d) 

Non-lamellar lipid structures: i) Hexagonal phases (inverted and micellar), and ii) Bicontinuous cubic phases.  

(Adapted with permission from: (a)-(b) Ref. 15, 2014 ACS; (c) Ref. 16, 2008 Springer Nature; d) Ref. 17, CC by 4.0) 
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Beyond bilayers or the lamellar phase (stacked bilayers separated by a thin water layer), 

biological lipids, surfactants, and their mixtures can organize into an array of non-lamellar long-

range structures with 3D polymorphism (Figure 1.1 d).17 Such structures have complex phase 

diagrams depending on molecular shape of the lipids, mixture composition, temperature and 

pressure. Hexagonal and cubic packing phases have lyotropic liquid crystal properties. Hexagonal 

phases are characterized by the formation of thin lipid cylinders which pack into a hexagonal 

lattice. On the other hand, cubic phases, such as a bicontinuous inverted phase, consist of 

continuous curved membranes folded into a cubic network and separating water compartments.19 

Both hexagonal and cubic non-lamellar phases are said to be ubiquitous in biological structures 

(e.g. mitochondria), and play a role in events such as membrane fusion.17 

The properties of natural lipids and common surfactants have long served as an inspiration 

for the development of advanced materials. Beyond traditional amphiphiles composed of a small 

polar head group and alkyl chains, molecules incorporating π-stacking moieties,20 metal binding 

complexes,21 macrocyclic components,22 peptides,23 nucleic acids24,25 or that are themselves 

products of self-assembly (supra-amphiphiles)26 have generated much interest by expanding the 

repertoire of available amphiphilic building blocks for self-assembly. Furthermore, amphiphilic 

block-copolymers27 are a class of materials with highly tunable self-assembly and stimuli-response 

properties. Overall, the still-growing class of amphiphilic building blocks and materials has broad 

application potential in, among others, drug delivery, catalysis, tissue engineering, photoelectric 

materials and stimuli-responsive surfaces.19,28-31 

 

1.3.2 Supramolecular polymers and fibers 

The term ‘supramolecular polymers’ first brings to mind their traditional counterparts, one-

dimensional polymers built by covalently linking repeating units (monomers). Supramolecular 

polymers on the other hand arise following non-covalent assembly of the constituent monomers; 

the discussion here is limited to linear 1D assemblies. What supramolecular polymers lack in 

mechanical and chemical robustness commonly associated with conventional polymers, they make 

up in reversible and reconfigurable assembly, adaptive behaviour and stimuli-responsiveness – 

characteristics well-suited for the development of advanced materials with tunable properties, 

which can be recycled, and adapt to their environment.32 Depending on monomer structure, the 
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collection of non-covalent interactions bringing the building blocks together, and the assembly 

conditions, supramolecular polymers can take on a variety of structures including ribbons, helical 

tapes and tubes.33 The dynamic nature of polymer assembly also makes morphological 

transformations and hierarchical organization possible.34 

Supramolecular polymers and fibers are ubiquitous in biological systems. Amyloid 

fibers,35 cytoskeletal filaments such actin and microtubules,10 extracellular matrix components 

such as collagen,36 viral protein filaments37 are all members of a vast supramolecular polymer 

family with important functions in biology.38,39 For example, amyloids are a class of 

supramolecular polymers widely represented in nature. The formation of amyloid fibrils as a result 

of protein misfolding is most commonly associated with neurodegenerative diseases like 

Alzheimer’s,35 however amyloids also fulfil useful functions throughout biology, and represent a 

fundamental class of proteinaceous material.40 Amyloid peptides, which can have a variety of 

amino acid sequences,40 aggregate into fibrillar structures where they take on a cross-β 

conformation (Figure 1.2).35 In this arrangement, the polypeptides are arranged perpendicular to 

the direction of fiber growth, and hydrogen bonding between adjacent chains results in β-sheet 

formation, driving longitudinal polymerization. Furthermore, fibrils exhibit higher order 

hierarchical organization through pairwise β-sheet packing into proto-filaments that then associate 

into polymorphic fibrils which vary in width and are typically several micrometers long.41 

Amyloid polymerization proceeds via a nucleation-growth cooperative mechanism, and is often 

irreversible owing to high kinetic barriers and/or large thermodynamic driving forces.42 

In general, mechanisms of supramolecular polymerization are described by kinetic and 

thermodynamic aspects of the polymerization process and have a crucial influence on the structure 

of the resulting polymer.32 Polymerization thermodynamics have been scrutinized at length, 

providing a solid theoretical foundation to describe the process.43 The main mechanisms of 

polymerization are isodesmic and cooperative self-assembly. The isodesmic mechanism of 

supramolecular polymerization is similar to step-growth of covalently-linked polymers and 

implies that addition of each monomer to the growing chain is characterized by the same 

equilibrium constant K, such that the affinity of the polymer end is independent of chain length. 

Isodesmic polymerization typically gives rise to product populations with high polydispersity. On 

the other hand, the cooperative polymerization mechanism is characterized by at least two distinct 

stages. In the first step (nucleation), monomer association is described by linear growth with an 
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association constant Kn up to a total number of monomers s.44 Beyond this point, various 

cooperative effects contribute to a change in the association constant to Ke (elongation), which is 

higher than Kn.43,45 Cooperative polymerization is described as a nucleation-elongation mechanism 

due to the distinct stages of assembly. 

 
Figure 1.2| Hierarchical self-assembly of amyloid fibrils. The assembly of amyloid fibrils from short peptides 

displays hierarchical elements of architecture (secondary, tertiary and quaternary structure) mediated by non-covalent 

interactions. (Adapted with permission from Ref. 41, 2013 National Academy of Sciences.) 

 

Hallmarks of the nucleation-elongation mechanism include (i) a time-dependent lag in 

polymer formation which (ii) can be eliminated with the addition of nuclei (seeding) at the onset 

of polymerization, and (iii) a critical monomer concentration or critical temperature associated 

with the onset of polymer growth.43 Concentration- and temperature-dependent effects in general 

are very important in characterizing systems that undergo supramolecular polymerization.43 For 

example, temperature plays different roles depending on whether the system undergoes assembly 

driven by entropy or by enthalpy. In entropy-driven polymerizations, there is a floor temperature 

below which no polymerization takes place. Entropy-driven polymerizations are often encountered 

in biological systems (e.g. amyloid fibril formation).43 In contrast, polymerization processes driven 

by enthalpy are characterized by a ceiling temperature above which no polymerization is observed. 

Altogether, thermodynamic parameters of supramolecular polymerization have a profound impact 

on molecular structure, polymer robustness, chain length and length distribution in the product 

population, as well as responses to temperature or concentration changes.32 Understanding this 

impact is essential in creating rationally designed supramolecular polymers with well-defined 

properties that are tunable to suit desirable functionalities. 
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Much of the rationally designed supramolecular polymerization processes described in the 

literature take place at equilibrium, under thermodynamic control. In many natural systems, on the 

other hand, advanced functionality is achieved by controlling assembly/disassembly kinetics and 

maintaining the process away from equilibrium, sometimes with continuous energy input, as in 

the case of remodeling of actin filaments.46 The kinetics of supramolecular polymerization are 

generally less well described than the thermodynamics. However, there is increasing interest in 

examining and manipulating processes that take place under kinetic control, by harnessing kinetic 

barriers, taking advantage of seeding, hysteresis effects, pathway-dependent self-assembly 

outcomes or the coexistence of several metastable products.32,46-54 In principle, systems assembled 

under kinetic control or far away from equilibrium with continuous energy supply have a vast 

potential for structural and functional diversity not accessible through more conventional self-

assembly pathways.54 

An great variety of synthetic supramolecular polymers has been developed over the last 

three decades. Although multiple non-covalent interactions tend to be involved in the 

polymerization process, it is convenient to classify the monomers that undergo supramolecular 

polymerization according to their primary assembly motifs. The Lehn group reported several 

landmark supramolecular polymerization studies of flexible and rigid building blocks based on 

molecular recognition mediated by hydrogen bonding between uridine and diacyl-amino-

pyrimidine.55,56 The ureido-pyrimidinone group capable of dimerizing via quadruple hydrogen 

bonding (Figure 1.3 a), developed by Meijer et al., gave rise to random coil supramolecular 

polymers with mechanical properties similar to conventional polymers.57 Inspired by DNA 

assembly, where hydrogen bonding associations are protected from competing interactions with 

water inside a stacked structure, building blocks containing the related ureido-triazine group as 

well as hydrophobic moieties that drive assembly due to solvophobic effects and solubilizing 

peripheral groups assembled in water and organic solvents into columnar aggregates with 

controllable helicity.58,59 DNA structure (hydrogen-bonding recognition motifs and burial of  

hydrophobic surfaces within stacked assemblies) also served as a model for the development of 

helical rosette nanotubes, where the rosette refers to a six-membered hydrogen-bonded 

supermacrocycle (Figure 1.3 b).60,61 The assembly of such nanotubes was shown to be entropically 

driven,  a finding which be explained by invoking the hydrophobic effect, wherein burial of 

hydrophobic surfaces within the polymer releases ordered water molecules into bulk solvent for 
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an entropic gain.62 The discotic benzenetricarboxamide (BTA) scaffold was used to investigate the 

effect of building block chirality on assembly cooperativity through the addition of chiral and 

achiral substituents (Figure 1.3 c),63 and to examine supramolecular polymer dynamics using 

super-resolution microscopy.49,64 

 
Figure 1.3| Rationally designed supramolecular polymers and fibers. a) Monomers with ureidopyrimidinone 

(UPy) termini assemble via quadruple hydrogen bonding into flexible random coil supramolecular polymers. b) 

Hydrogen-bonding monomers with recognition units resembling DNA bases form six-membered rosette arrays which 

stack into nanotubes with helicity directed by a chiral substituent. c) Monomers with a C3-symmetric discotic 

benzenetricarboxamide (BTA) core assemble with a higher degree of cooperativity when modified with chiral side 

chains. d) Peptide amphiphiles containing three distinct structural regions (lipid tail, β-sheet forming peptide domain, 

and hydrophilic bioactive domain) form extended nanofibers with helical features directed by β-sheet conformation. 

e) Monomers containing oligo(p-phenylene vinylene) (OPV) fluorescent groups and aliphatic tails dimerize via 

hydrogen-bonding groups and then stack into helical ribbons. f) Hexabenzacoronene (HBC) based monomers 

functionalized with aliphatic chains on one side and hydrophilic oligoethylene glycol on the other form nanotubes 

with tunable diameter and wall thickness dependent on the size of the substituents. (Adapted with permission from: 

(a) Ref. 57, 1997 AAAS; (b) Ref. 60, 2001 ACS; (c) Ref. 63, 2008 ACS; (d) Ref. 65, 2001 AAAS; (e) Ref. 66, 2006 

AAAS; (f) Ref. 67, 2004 AAAS; (a), (e), (f) Ref. 33, 2012 AAAS.) 

 

As discussed above, amyloid fibril growth is highly dependent on β-sheet conformation of 

adjacent peptide chains through hydrogen bonding between their backbone amide groups.41 Many 
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synthetic supramolecular polymerization systems based on peptide building blocks rely on β-sheet 

formation for longitudinal growth. Ghadiri et al. developed nanotubes based on the cooperative 

polymerization of cyclic polypeptides composed of alternating D- and L-amino acids.68,69 With 

hydrophobic modification to their outside surface, they could be inserted into lipid bilayer 

membranes to serve as artificial ion channels.70 Interestingly, nanotubes assembled from α- and 

1,4-substituted ε-amino acids followed an anti-cooperative polymerization mechanism (where Kn 

> Ke, in contrast to cooperative polymerization).71 Peptide amphiphiles, developed by the Stupp 

group, are a class of peptide-based building blocks composed of an aliphatic tail, a peptide β-sheet-

forming domain and an adaptable hydrophilic domain which is used to incorporate bioactive cues 

in the assembly (Figure 1.3 d).65,72 The self-assembly of these amphiphiles into long, highly 

organized fibers is driven by the microphase separation of the hydrophobic tails, and the formation 

of a network of hydrogen bonds between the β-sheet-forming portions of the peptide. By 

modifying the hydrophilic portion, the surface of the fibers can be functionalized with a high 

concentration of bioactive moieties or other functional groups making the nanofibers a highly 

tailorable material for tissue engineering and other advanced applications.23,73,74 

The polymerization of building blocks with extended π-systems is another active area of 

research. By combining the ureido-triazine moiety mentioned above with oligo(p-phenylene 

vinylene) (OPV) groups bearing chiral side chains (Figure 1.3 e), Meijer et al. were able observe 

the cooperative assembly of helical tapes, this time incorporating long-range organization of 

photoactive groups that may be useful in the development of optoelectronic devices.75,76 A detailed 

investigation of the nucleation-elongation mechanism of this system yielded important insights 

into the thermodynamics of its assembly, including the origin of the high degree of cooperativity 

which is related to a helical transition in the nucleating species, and the influence of solvent 

structure.66 Furthermore, a time-resolved examination of the assembly process allowed 

quantification of kinetic parameters, and revealed the formation of metastable intermediates, 

illustrating pathway complexity in supramolecular polymerization.77 The Aida group developed 

monomers with a π-extended hexabenzacoronene (HBC) core modified with aliphatic chains on 

one side, and hydrophilic oligoethylene glycol chains on the other (Figure 1.3 f). These monomers 

assembled into micrometer-long nanotubes with a consistent diameter and wall thickness 

dependent on the size of the peripheral chains.67 The π-stacking of the HBC units within the 

nanotube wall endowed the structures with a “graphitic” character, exhibiting electrical 
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conductivity upon oxidation. Modification of the hydrophilic side of the monomer with an 

electron-accepting trinitrofluorenone (TNF) group, yielded nanotubes with electron-accepting 

TNF layers on their outside surfaces, and electron donating graphitic layers inside the walls, 

demonstrating spatial separation of charge carriers within a self-assembled nanostructure and 

producing a quick photoconductive response.78 Furthermore, modification of the monomer with 

fullerene (C60) gave rise to nanostructures displaying heterojunction behaviour (electron-

transporting fullerene layers, and hole-transporting graphitic layers).79  

The above discussion represents a small sampling of the still growing field of 

supramolecular polymerization. The advantages of these self-assembled materials include ease of 

preparation and processing, stimuli-responsive properties and reconfigurable, self-healing 

behaviour. Polymeric supramolecular materials of fibrous or rigid rod morphology can find a 

variety of applications, especially when they incorporate additional functionalities such as the 

display of bioactive cues, scaffolding of photoactive groups or organization of metallic or 

electronic components. Polymerized systems assembled under thermodynamic control can yield 

stable structures with well-defined properties, while recent interest in assembly under kinetic 

control or away from equilibrium opens the way for additional levels of structural complexity and 

adaptability to their environment in the materials which can be created using self-assembly. 

 

1.4 DNA: Information-bearing molecule par excellence 

Deoxyribonucleic acid (DNA) has been termed the molecule of life, as it carries genetic 

information in all living organisms from one generation to the next. DNA is an information-rich 

polymer, a molecule that exemplifies the principle of structure determining function. Under 

physiological conditions, DNA is most commonly found as a double helix composed of two 

complementary strands. The formation of this structure is driven by supramolecular interactions, 

such as hydrogen bonding between complementary base pairs – adenine (A) with thymine (T), and 

cytosine (C) with guanine (G), π-stacking between their surfaces, and electrostatic repulsion 

between the backbone phosphate units (Figure 1.4 a). The binding of complementary bases is 

perhaps the best-known example of molecular recognition. Structurally, DNA is most commonly 

found as a right-handed, antiparallel double-helix termed the “B-form”, that has a 2 nm diameter 

and a 3.4 nm or 10.5 base pair pitch (height of a complete helix turn).80 Other duplex types such 
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as A- and Z-form helices can be observed depending on the surrounding environment (Figure 1.4 

b). Notably, double-stranded DNA can take on the right-handed A-form helix, a more compact 

structure with a wider diameter,  in conditions of high salt and low humidity.82 In the Z-form, DNA 

takes on a left-handed helix conformation that is most often encountered for sequences with 

alternating purine-pyrimidine bases such as d(GC)n.83  

 
Figure 1.4| DNA, the molecule and its structures. a) The formation of a DNA double helix from complementary 

single strands occurs due to hydrogen bonding between complementary bases – adenine (A) binds to thymine (T), and 

guanine (G) to cytosine (C) – on their Watson-Crick faces, π-stacking between base-pair surfaces, and electrostatic 

repulsion between negatively charged phosphate groups in the backbone. b) A-, B- and Z-form DNA duplexes. c) 

Alternative naturally occurring DNA structures (from left to right): Guanine quadruplexes form from G-tetrad stacking 

following their assembly via Hoogsteen-face hydrogen bonding; DNA triplexes can form when purines A and G bind 

with their complement, T and C respectively, on both the Watson-Crick and Hoogsteen faces (C must be protonated); 

the A-motif is a parallel poly(adenine) duplex that forms in acidic conditions and involves Hoogsteen-face hydrogen 

bonding. (Adapted with permission from: (a)-(b) Ref. 81, 2001 RCSB PDB, (c) Ref. 83, 2010 RSC.) 
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Unmodified DNA strands are also known to assemble into a variety of alternative structures 

through non-standard base-pairing, in contrast to Watson-Crick base-pairing encountered in the 

DNA double helix.83 Hoogsteen base-pairing is an alternative base-pairing mode that involves the 

N7 atom and C6 group of purines that adopt a syn rather than anti conformation (rotation around 

the glycosidic bond) and the Watson-Crick binding face of pyrimidines.84 This diversity in 

structure often emerges in repetitive DNA sequences. Large portions of the genetic material that 

were once considered “junk DNA” contain various repetitive elements (terminal repeats, satellite 

DNA, transposable elements, etc.), many of which contain repetitive DNA sequences.85 These 

areas of the genome are increasingly recognized for their structural and regulatory roles in genome 

function.86 Formation of non-B-DNA structures from repetitive DNA sequences is thought to 

induce genetic instability, potentially contributing to disease states by promoting mutations or 

chromosome breakage.87 

Examples of non-B-DNA structures include guanine quadruplexes, i-motifs, triple-helices, 

and the A-motif (Figure 1.4 c). Guanine-rich strands can fold into guanine quadruplexes which 

consist of π-stacked planar G-tetrads which are held together with a total of eight hydrogen bonds 

in the manner of Hoogsteen base-pairs.88 The i-motif structure forms in C-rich regions in acidic 

conditions as two parallel-stranded C-C+ hemi-protonated duplexes that intercalate with each other 

in an antiparallel orientation.89 Both guanine quadruplexes and i-motif structures have been 

identified in human cells in vivo, supporting the notion that they and other non-B-DNA structures 

may have regulatory roles in the genome.90,91 Among other alternative structures, prototypical 

DNA triplexes consist in a Watson-Crick base pair with an added Hoogsteen-paired base92 while 

the A-motif is a parallel duplex formed from poly(A) DNA strands in acidic conditions.93 

Ribonucleic acid (RNA) is the more structurally and functionally diverse counterpart of 

DNA.94 It is important to note that RNA has an additional 2’ hydroxyl group on the sugar moiety, 

and a G, C, A and U (uracil, a thymine analog lacking a methyl group at the C5 position of the 

pyrimidine ring) base-alphabet. As a duplex, RNA adopts the A-form. The importance of the roles 

of RNA in living organisms cannot be overstated, as it is involved in all steps of gene expression 

and regulation.95 

Over the past three decades, investigations into DNA structure and self-assembly through 

sequence design and strand functionalization have expanded its role beyond that of a biological 

molecule.96 DNA is an attractive building block for nanomaterials by virtue of its highly specific 
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molecular recognition properties and well-defined structure.97 DNA’s ability to base-pair with a 

complementary strand and its precise sequence programmability impart it with an unmatched level 

of molecular control. Due to its ubiquity among living organisms, DNA is a readily available 

material, and shorter nucleic acid strands (up to 200 bases) of any desired sequence can be obtained 

by automated synthesis at steadily decreasing costs. Furthermore, biological and chemical 

strategies can be used to functionalize and modify nucleic acids to imbue them with designer 

properties.  

 

1.4.1 Chemical synthesis of DNA 

Modern automated DNA synthesis relies on solid support chemistry, typically carried out 

on controlled-pore glass or, less frequently, polystyrene beads. The main advantages of solid 

support chemistry lie (i) in allowing reaction by-products to be washed away after each reaction 

step, contributing to increased yields and significantly simplifying purification, (ii) in driving 

reactions to completion by adding liquid-phase reactants in excess, and (iii) in the cyclic nature of 

the reaction sequence amenable to automation. Letsinger reported DNA synthesis on a solid 

support98 around the same time as Merrifield demonstrated the success of the method for peptide 

synthesis.99 The prevalent coupling approach in automated DNA synthesis uses phosphoramidite 

chemistry, a fast and high yielding method developed by Caruthers and Beaucage100,101 following 

earlier work on more unstable nucleoside 3’-phosphodichloridite building blocks employed by 

Ogilvie in the first automated DNA synthesizer.102 

The automated solid-support synthesis cycle of a DNA strand using phosphoramidite 

chemistry (Figure 1.5) consists of four steps, repeated for the addition of each base to yield a 

sequence controlled, monodisperse polymer product: i) Deprotection; ii) Coupling (with 

activation); iii) Capping; and iv) Oxidation. Synthesis is carried out from the 3’ to the 5’ end of a 

given strand. Deprotection removes the 5’-OH protecting group (usually a dimethoxytrityl group 

or DMT) under acidic conditions (dichloroacetic acid is used with DMT). Coupling of the next 

monomer, a 5’-DMT protected deoxynucleoside (2-cyanoethyl, N,N-diisopropyl) 

phosphoramidite, is carried out under mildly acidic conditions for activation purposes, typically 

with the addition of a tetrazole derivative. A capping step then takes unreacted strands out of the 

reaction cycle, ensuring sequence control and product monodispersity by passivating free 5’-OH 
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groups with an acetyl moiety. Oxidation with iodine converts phosphorus (III) to phosphorus (V), 

a more stable form, yielding a phosphate triester. The cycle can begin again for the next monomer 

addition, until the desired product is obtained, at which point the final DMT can be deblocked, 

followed by strand cleavage off the solid support and deprotection of the bases and backbone under 

basic conditions. The product can then be further purified to remove incomplete sequences. It is 

important to note that nucleic acids derived from biological sources or synthesized enzymatically 

are also widely used in nanotechnology. 

 
Figure 1.5| Automated phosphoramidite-based DNA synthesis on a solid support. 

 

The development of automated DNA synthesis over the last six decades has had a 

transformational impact in areas such as molecular and synthetic biology, molecular diagnostics, 

sequencing technologies, DNA-based nanomaterials and computation, as well as oligonucleotide 

therapeutics.103,104 Today, emerging technologies that scale up synthesis and facilitate 

recombination of gene fragments (such as the CRISPR-Cas9 system)105 promise seemingly endless 

possibilities for nanotechnology and de novo genome engineering for ‘designer’ organisms among 

other innovative applications.106 
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1.4.2 Synthetically modified DNA 

Beyond the canonical double helix, DNA is known to adopt a variety of alternative 

structures as outlined above. These structures highlight the versatility of the standard DNA base-

pairing alphabet (composed of A, T, G and C). However, considering the wealth of intermolecular 

interactions available in supramolecular chemistry and the potential variety of structure and added 

function achievable with modified base pairing geometries and binding schemes, the natural base-

pairing alphabet is limited. The field of synthetic DNA modification has expanded the genetic 

alphabet beyond hydrogen bonding interactions, and modifications to the DNA backbone have 

afforded new properties to oligonucleotides, including increased stability to degradation in 

physiological environments. Additional aims of the field include acquiring a better understanding 

of the principles behind nucleobase binding selectivity, DNA function and evolution.107 The 

selective incorporation of new properties into DNA afforded by synthetic modification is highly 

relevant to synthetic biology, biotechnology and nanomedicine. Synthetic genetic polymers 

containing non-natural components such as alternative backbones, sugars or nucleobases have 

been termed “xeno-nucleic acids” (XNAs)108 and enzymes facilitating their incorporation into 

sequences have been evolved.109,110 Furthermore, from a nanomaterials standpoint, a larger DNA 

base-pairing alphabet opens the possibility of incorporating orthogonal interactions into DNA 

assembly, thus expanding the repertoire of achievable structures and increasing their complexity, 

while at the same time potentially reducing defects in assembly. 

Alternative backbones to scaffold nucleobases have been developed since the late 1980s 

(Figure 1.6 a). The study of the etiology of nucleic acid structure undertaken by Eschenomoser, 

led to the development of a number of alternative sugar-based nucleic acids capable of hydrogen 

bonding.111 Homo-DNA is a notable example, as it forms duplexes with higher stability than DNA 

while not being able to bind to DNA or RNA, thus representing the first orthogonal nucleic acid 

binding system.112 On the other hand, locked nucleic acid (LNA), is a prime example of a nuclease-

resistant nucleic-acid analog with high DNA binding affinity.113 It was designed according  to the 

principle of conformational restriction and has important therapeutic applications in gene silencing 

technologies.114 Peptide nucleic acid (PNA) is another analog that was first developed for antisense 

applications.115 It has a flexible achiral polyamide backbone and has been widely investigated for 

its nucleic acid recognition properties116 in biotechnology, therapeutics and sensing 

applications.117 
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Figure 1.6| Alternative backbones and synthetic base pairs. a) Modified backbones: Homo-DNA, locked nucleic 

acid (LNA) and peptide nucleic acid (PNA). b) Base pair with alternative hydrogen-bonding pattern (isoC-isoG). c) 

Hydrogen-bonding base pair with shape complementarity (y-x). d) Size-expanded base pair with four hydrogen bonds 

(ImON-NaNO). e) Shape complementary base pair without hydrogen bonding. The bases represent a fluorophore (Dss)-

quencher (Pn) pair. f) Artificial third base pair incorporated in a semi-synthetic organism that is able to indefinitely 

store and use this new genetic information (NAM-TPT3). g) Cu2+ mediated artificial DNA base pair (H-Cu2+-H). h) 

Synthetic Janus-Wedge type nucleobase binding to A on one side and T on the other (A-W-T). i) isoG pentaplex. 

 

The modification of nucleobases has received significant attention in the last three decades. 

The Benner group pioneered base-pairs with alternative hydrogen bonding patterns (Figure 1.6 b) 

and worked toward ensuring their recognition by DNA polymerases, highlighting the utility of 

artificial base-pairs to expand the genetic code.118,119 The incorporation of a stable and replicable 

additional base pair has been used in alternative codons to synthesize proteins with unnatural 

amino acids or designer functional groups.120 In addition, base pairs that combine alternative 
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hydrogen bonding and shape complementarity considerations (Figure 1.6 c)121 or size-expanded 

scaffolds (Figure 1.6 d)122 have been developed. Bases with size-expanded scaffolds can have 

enhanced stability compared to natural DNA due to additional stacking interactions or hydrogen 

bonds. Aromatic size-expanded scaffolds can also have interesting fluorescence properties that are 

highly applicable in biophysical, biotechnological and nanomaterials contexts.123,124  

The Kool group has introduced an entirely different class of base pairs by developing  non-

polar purine and pyrimidine isosteres that eliminate hydrogen bonding interactions. The first 

generation of non-polar bases were non-selective in binding to natural nucleobases, but could 

recognize their designed non-polar complements specifically.125 Such structures represent 

excellent probes to examine the contributions of hydrogen bonding, polar and steric interactions 

to the properties of DNA and its recognition by polymerases.126-128 Hirao and coworkers focused 

more specifically on shape complementarity in the absence of hydrogen bonding.129,130 An 

interesting example of their work combines a fluorophore and a complementary quencher 

nucleobase analogs that can be used as beacons for real-time PCR among other potential 

applications (Figure 1.6 e).131 Recently, the Romesberg group, after creating a number of 

hydrophobic, hydrogen-bonding-free base pairs over the last decade,132-134 has achieved a 

milestone in expanding the functional base-pairing alphabet. The group developed a semi-

synthetic organism (e.coli bacterium) with an expanded six-letter genetic alphabet (a third base 

pair),135 further pushing the methodology so that the new base pair participates in additional codons 

that incorporate artificial amino acids into peptides produced by the organism, succeeding to 

indefinitely store and retrieve genetic information encoded in the additional base pair (Figure 1.6 

f).136,137 

Canonical Watson-Crick base pairs have also been replaced with metal coordinating 

complexes to impart new properties to DNA. Natural DNA mismatches can act as binding sites 

for metal cations, for example metal mediated T-Hg2+-T138 and C- Ag+-C139 base pairs have been 

reported and used for sensing and logic-gating.140 Recently, an unmodified DNA duplex has been 

used to create a continuous hybrid silver nanowire through linear coordination of an Ag+ ion at 

every rung.141 Shionoya and coworkers have developed a variety of metallo-base pairs adhering to 

important design principles such as ensuring size match to natural base pairs and maintaining 

planarity by using linear or square planar metal coordination geometry.142 The hydroxypyridone-

based Cu2+ binding H- Cu2+-H base pair showcases these features (Figure 1.6 g).143 Metal base-
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pairing has also been incorporated into alternative DNA structures, for example three pyridine-

bearing bases coordinated to Ag+ can form a base triplet inside a triple helix.144 In many cases, 

metallo-base pairs exhibit higher thermal stability than natural DNA, can introduce magnetic and 

conductive properties into DNA structures, be used in new nanoarchitectures, introduce dynamic 

stimuli-responsive function, and impart DNAzyme activity to structures.142 

Designer nucleobases with multiple hydrogen-bonding binding faces have also been 

developed to access artificial alternative and higher order structures from DNA. Janus-Wedge 

nucleobases based on recognition motifs first described by Lehn145 were organized on a PNA 

backbone to make a triple helix. The artificial nucleobases can wedge themselves into a natural 

base pair as they have two binding faces, recognizing A on one side and T on the other (Figure 

1.6 h) (analogously for G and C).146 Melamine has also been polymerized using a PNA backbone 

and bound symmetrically to poly(thymine) DNA strands in a 1:2 ratio forming a triplex.147 Strands 

composed of isoG bases (Figure 1.6 i) and some of its analogs were shown to form quadruplexes 

and, interestingly, pentaplexes in the presence of certain cations.148,149 

 

1.4.3 Self-assembly implications in the prebiotic origins of nucleic acids 

There is some evidence supporting the hypothesis that life based on DNA genomes and 

protein enzymes was preceded by a simpler form based primarily on RNA – the so-called “RNA 

world hypothesis”.150,151 Within this framework, DNA may have evolved into its role as the 

information-storage polymer due to its superior chemical stability, while proteins may have 

acquired a multitude of catalytic and structural functions due to the variety of functional groups 

available in natural amino acids and the complex folding topology of polypeptides. Still today, 

RNA has a multitude of roles in cell function. For example, the peptidyl transferase center of the 

ribosome, the machinery of protein synthesis, is a ribozyme (an RNA-based enzyme), highlighting 

the central importance of RNA function in protein synthesis. It is viewed as a molecular fossil of 

a potential RNA world.152 

In this context, the prebiotic emergence of RNA has been a fascinating problem for 

researchers. It is possible that RNA first emerged from the spontaneous non-enzymatic coupling 

of pre-existing molecular building blocks, but another potential scenario is that RNA evolved from 

pre-RNA polymers containing ancestral recognition units and alternative backbones.153 Three 
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main models of RNA evolution have been advanced. The “classical” model proposes that 

nucleobases (or alternative recognition elements), sugars and phosphates successively coupled to 

each other into units that then polymerized. The “ribose-centric” model suggests that nucleobases 

formed on the ribose sugar from simpler components. Finally, the “polymer fusion” model, 

proposed by Hud, suggests that the first informational polymers resulted from a merger of 

supramolecular assembly of ancestral nucleobases with a pre-existing polymer that became a 

backbone.154 

The last model was advanced following the discovery of several plausible early recognition 

elements, potential ancestors of our nucleobases. The first pair was 2,4,6-triaminopyrimidine 

(TAP) and cyanuric acid (CA), the latter is an accepted prebiotic molecule.155 Derivatized for better 

solubility in water, they were shown to form hexameric rosettes that stacked into micron-long 

fibers with a 2 nm diameter through a highly cooperative and efficient mechanism in aqueous 

solution (Figure 1.7 a).156 Later, condensation of TAP with ribose was demonstrated under 

prebiotic conditions (drying with mild heating in aqueous solution) and the resulting nucleoside 

(TARC) maintained its self-assembly properties with CA (Figure 1.7 b).157 Furthermore, another 

complementary pair, melamine (M), also an accepted prebiotic molecule,155 and barbituric acid 

(BA), were shown to spontaneously form glycosidic linkages with ribose and ribose-5-phosphate 

under prebiotic conditions, thus yielding proto-nucleosides and nucleotides. The co-assembly of 

the nucleotides also yielded long supramolecular fibers with an underlying rosette architecture 

(Figure 1.7 c).158 The spatial ordering and increased local concentration resulting from the 

preorganization of plausible proto-nucleotide monomers and their precursors into supramolecular 

polymers could have facilitated their covalent linking into early information polymers (Figure 1.7 

d). In addition, these new polymers may have acted as templates for hexad-mediated replication.159 

Although this is by no means the only potential model for the evolution of nucleic acids, it 

represents an interesting perspective illustrating self-assembly principles in the context of prebiotic 

chemistry. 

 



23 

 
Figure 1.7| Self-assembly of plausible proto-nucleobases. a) TAP derivatized with succinic acid (TAPAS) 

assembles with CA into hydrogen-bonded hexads that stack into micron-long fibers with a 2 nm diameter. b) 

Spontaneous coupling of TAP to ribose (TARC) under prebiotic conditions. TARC forms supramolecular polymers 

with CA. c) Barbituric acid and melamine can form glycosidic bonds with ribose-5-phosphate under prebiotic 

conditions. The resulting complementary proto-nucleotides form hexads that stack into supramolecular polymers. d) 

Hypothetical conversion of the assemblies of monomeric proto-nucleosides into covalently linked polymers (top). 

Hypothetical hexad-mediated replication of early information polymers. (Adapted with permission from: (a) Ref. 156, 

2013 ACS; (b) Ref. 157, 2014 ACS; (c) Ref. 158, 2016 Springer Nature.) 

 

 It should be noted that 1:1 co-assembly of M and CA is a very influential molecular 

recognition system in supramolecular chemistry, and forms the basis of many functional 

nanomaterials with long-range organization. Based on the complementary arrangement of their 

hydrogen bond donor and acceptor groups, M and CA form molecular aggregates of various 

geometries, such as hydrogen-bonded chains (or “tapes”), rings (also called “rosettes”), and 

infinite sheets (Figure 1.8 a) in solution and on surfaces.160,161 The Whitesides group has 

demonstrated that the addition of different substituents on M and CA directs their assembly into 

specific architectures.162,163 The aromatic planar ring structures of M and CA enable π-stacking 
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interactions between hydrogen-bonded aggregates to take assemblies into 3D (Figure 1.8 b). 

Although rosette formation is enthalpically favored in solvents such as chloroform due to the 

formation of 18 hydrogen bonds, the entropic change brought up by the association is highly 

unfavorable. Whitesides et al. have used preorganization (by tethering components to each other) 

and peripheral crowding (by adding bulky substituents), two key concepts in supramolecular 

chemistry, to remedy this effect, minimize the free energy of the assembly and promote rosette 

formation.164,165 While in organic solvents M and CA are a canonical hydrogen-bonding pair, their 

assembly in aqueous solution is said to be largely driven by the enthalpically favorable surface 

area burial, a phenomenon also observed in nucleic acid recognition events.166 Since the initial 

studies carried out in the early 1990s, the molecular recognition between M, CA and their 

derivatives has been used for the assembly of nanotubes, dynamic hydrogels, polymeric scaffolds, 

2D surface assemblies and liquid crystalline materials for various applications such as small 

molecule encapsulation and sensing.160  

 
Figure 1.8| Self-assembly of melamine (M) and cyanuric acid (CA). a) Supramolecular architectures formed by M 

and CA based on the interactions between hydrogen bond donor (D) and acceptor (A) groups. Aggregates can be 

directed toward specific architectures with the addition of different substituents. b) 3D structure of a CA·M crystal 

obtained by hydrothermal synthesis. (Adapted with permission from: (b) Ref. 167, 1999 ACS.) 
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1.5 DNA nanotechnology: Using the molecule of life as a material 

In the last three decades, the role of DNA in the consciousness of researchers spanning 

multiples fields, from crystallography to computer science, chemistry and photonics, has expanded 

beyond that of the carrier of genetic information to a molecular building block used to develop 

nanomaterials.168 Since its inception, DNA nanotechnology, or self-assembly of highly ordered 

DNA materials based on sequence design and DNA functionalization, has yielded increasingly 

complex structures for a variety of potential applications.168 Although DNA is inherently a one-

dimensional (1D) object, its remarkable base-pairing fidelity, programmability, addressability and 

ease of functionalization can be harnessed to rationally design highly ordered nanomaterials in 

two- and three-dimensions (2D and 3D). Two main approaches, structural DNA nanotechnology 

and supramolecular DNA assembly, are used to create both discrete and extended structures. 

Structural DNA nanotechnology relies on both the precise DNA base pairing rules and the well-

characterized structural features of DNA helices to build nanostructures.97 On the other hand, by 

using DNA strands modified with organic or inorganic moieties, supramolecular DNA assembly 

harnesses not only base-pairing interactions, but also a wealth of supramolecular forces to drive 

the self-assembly of complex architectures and provide otherwise inaccessible geometry control 

and functionality within the designed structure.169  

The discussion below mostly focuses on long-range assemblies, rather than smaller discrete 

structures from DNA. A number of recent publications review the assembly and applications of 

discrete DNA nanostructures.168,170 Highly organized, long-range assemblies from DNA are of 

particular interest in the development of scaffolding materials and interfacing organized structures 

with different substrates. In addition, long-range DNA assemblies can help bridge the gap between 

top-down patterning and bottom up assembly methods in the quest toward materials with 

hierarchical structural properties and functionality built-in at each level of structure. 

 

1.5.1 Tile-based assemblies 

A large variety of highly ordered DNA networks, lattices and nanotubes has been 

developed using the principles of structural DNA nanotechnology. The Holliday junction, a four-

arm intermediate in genetic recombination, is a prototype branched DNA construct found in 
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nature.171 However, due to its instability and flexibility, this motif is not well suited for stable 

extended assembly. Seeman and coworkers first addressed this challenge by creating DNA 

branching units with immobile junction points.172 Furthermore, the group pioneered the use of 

branched DNA constructs joined by cohesion via single-stranded DNA regions termed ‘sticky 

ends’ (Figure 1.9 a).173,174 This method yielded a fully ligated DNA cube that sparked the 

development of the DNA nanotechnology field (Figure 1.9 b).175 

 
Figure 1.9| Assembly of branched DNA molecules. a) Assembly of branched DNA molecules through self-

complementary single-stranded overhangs (sticky ends). Sticky end number and orientation determines assembly 

structure. In this case, four-way branched molecules with right angle orientation form a quadrilateral structure that is 

capable of further assembly through its unpaired sticky ends (sequence a complementary to a’, and b to b’). b) Ligated 

DNA cube. (Panel (b) adapted with permission from Ref. 174, 2003 Springer Nature.) 

 

The next step toward stable long-range assembly was accomplished by creating crossover 

tiles, DNA constructs characterized by rigidity at the strand junction points. The double crossover 

(DX) molecule is composed of two double helical domains linked at two crossover points where a 

strand switches between adjacent helices, thus placing the two helices parallel to each other in a 

planar tile. DX tiles were used to make a 2D DNA crystal via sticky-end cohesion (Figure 1.10 

a).176 Following the initial DX tile design, DNA tiles grew in diversity. The main structural motifs 

can be categorized into planar tiles, branched tiles and helix bundles.177 Planar tiles are based on 

the same principle as DX molecules, aligning a given number of DNA helices (3, 4, 6, 8, 12) side-

by-side and linking them by strand crossover. Tiles obtained by this strategy formed 2D arrays 

with cavities of programmable size as determined by tile structure.178-180 A development from these 

tiles, the DX triangle, was used to make arrays with pseudo-hexagonal geometry (Figure 1.10 

a).181 
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Figure 1.10| Tile-based assembly. a) Planar tiles: DX and DX triangle tiles. b) Branched tiles: Cross, 3-point star, 5-

point star and 6-point star tiles. c) Nanotubes assembled from DX tiles by controlling crossover positioning and thus 

the dihedral angle between helices. d) Three-helix and six-helix bundles (3HB and 6HB). e) 3D macroscopic DNA 

crystals built from tensegrity triangle tiles. f) Assembly of lattices from RNA tectosquares. (Adapted with permission 

from: (a left) Ref. 176, 1998 Springer Nature; (a right) Ref. 181, 2004 ACS; (b left) Ref. 182, 2003 AAAS; (b second 

from left) Ref. 183, 2005 ACS; (b second from right) Ref. 184, 2008 National Academy of Sciences, U.S.A.; (b right) 

Ref. 185, 2006 ACS; (c) Ref. 186, 2004 AACS; helix bundle schemes in (d) Ref. 177, 2006 Wiley; AFM images in 

(d left) Ref. 187, 2005 ACS; AFM images in (d right) Ref. 188, 2005 ACS; (e) Ref. 189, 2009 Springer Nature; (f) 

Ref. 190, 2004 AAAS.) 
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Branched tiles have multiple rigid arms radiating from the center. Common morphologies 

include the cross motif182 as well as 3-point,183 5-point184 and 6-point185 star motifs (Figure 1.10 

b). Tile geometry once again determines cavity size and shape obtained upon lattice assembly. 

Yan and LaBean showed that branched cross-shaped tiles also formed nanotubes.182 When 

connectivity between individual tiles oriented them in the same direction in the lattice plane, their 

intrinsic curvature accumulated resulting in nanotube rather than planar lattice formation. These 

tubes were used as scaffolds to produce uniform conductive silver nanowires up to 5 µm in length. 

T-junctions are a variation on the branched tile and can form lattices with high structural resolution 

due to their short interconnection length.191 It is important to note that branched tiles can also be 

used to obtain discrete 3D assemblies in a modular fashion. The intrinsic flexibility of the central 

branching point in this type of tile can be controlled, by the same token modulating tile curvature. 

This control can be harnessed to obtain a series of discrete 3D polyhedra from 3-point star tiles192 

and precisely formed icosahedra from 5-point star tiles.184 Furthermore, a greater structural variety 

has been achieved by combining tiles of different geometry and introducing directing agents, 

highlighting the versatility of the tile-based approach for building complex nanoscale objects.193 

Although DNA nanotubes were observed along with 2D lattices in DX tile-based assembly, 

their formation was initially poorly understood. Rothemund et al. observed that with specific 

design of crossover points between DX tiles, tile arrays could form nanotubes up to 50 µm in 

length. The geometry of B-form DNA gives rise to non-planar tile juxtaposition depending on 

crossover point positioning, resulting in assembly curvature and tubular assembly (Figure 1.10 

c).186 Namely, separating crossover points by an integer number of helical half-turns promotes a 

planar arrangement of helices, whereas non-integer numbers break co-planarity between adjacent 

helices. 

Furthermore, helix bundles, DNA tiles with built-in curvature, were developed by aligning 

a given number of DNA duplexes using multiple strand crossovers programmed to induce specific 

dihedral angles between adjacent helices. Three-187 and six-helix bundles188 (3HB and 6HB 

respectively) were the first examples of DNA tiles specifically designed to have non-planar 

geometry (Figure 1.10 d). For example, the 6HB design features a 7 nucleotide separation between 

strand crossover points producing 120° dihedral angles between helices, considering that a full 

helix turn is 10.5 bases long.188 The helix bundle approach, as opposed to other tiling techniques 

that produce tubes of varied circumference, offers precise programmability of nanotube 
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circumference. Helix bundles were shown to form both nanotubes and 2D arrays using sticky end 

cohesion between building blocks.187,188,194,195 

The Mao group introduced the concept of sequence symmetry to the field of structural 

DNA nanotechnology that previously relied on sequence uniqueness to promote the formation of 

a desired structure. Sequence symmetry minimizes the required sequence space and maximizes the 

number of times a given strand is used in the assembly, simplifying the sequence design process 

and reducing synthesis costs. An added advantage of this approach is the reduction of 

unpredictable interactions between strands and of distortions within the assemblies, promoting 

growth of 2D arrays to larger sizes. Systems designed with sequence symmetry were shown to 

grow networks up to 1 mm in size, orders of magnitude larger than their asymmetric equivalents.196 

Mao et al. also showed that a single strand can give rise to DNA nanotubes of uniform height and 

width. Two identical 52 nucleotide-long strands containing palindromic motifs associate to form 

DX-type tiles that assemble into planar arrays and further form tubular structures due to tile 

flexibility.197 

Another strategy facilitating growth of extended networks is surface-mediated self-

assembly. This method involves network formation directly on a mica surface where the constraint 

provided by surface interactions limits the flexibility of growing structures and prevents aggregate 

formation.191,198 In a different sense, Yan and coworkers exploited the geometric symmetry of 

planar DNA tiles to design a cost-effective way to assemble finite-sized arrays. To achieve this, 

all tiles within the array were produced with the same core sequences and only sticky ends varied 

to precisely program connectivity between the tiles.199  

A distinct type of triangle tile developed by Mao et al. on the principle of tensegrity, or the 

balance between flexible junctions and the rigid struts connecting them, is also known to form 2D 

arrays. The triangle is a stable structure composed of three DNA duplexes (rigid struts pushing 

outward) joined by four-arm junctions at the vertices (flexible junctions pushing inward) (Figure 

1.10 e).200 Remarkably, this construct was adapted by Seeman and Mao to build a DNA crystal of 

macromolecular dimensions (>250µm). More specifically, this achievement demonstrates that a 

DNA structure can be designed to self-assemble into a precise 3D crystalline lattice, one of the 

first aims for Seeman, the father of DNA nanotechnology.189 More recently, a colour-changing 

crystal was developed, a first demonstration of a three-state 3D device that operates by isothermal 

strand displacement.201  
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RNA oligonucleotides can also be used as building blocks for the construction of 

nanostructures on their own, or in combination with DNA to make hybrid assemblies combining 

the programmability of DNA and the functional properties of RNA.202 Jaeger and coworkers 

developed RNA structures termed “tectosquares” that self-assemble into squares through kissing 

loop regions and further form a lattice by sticky-end cohesion (Figure 1.10 f).190 Aldaye, Silver et 

al. have shown in vivo assembly of RNA tile-based nanotubes and 2D scaffolds with well-defined 

protein docking sites, which associated with proteins in bacterial cells, serving as a spatial 

organization tool. This method demonstrated that rationally designed RNA structures can be built 

inside living cells and provide functional architectures therein.203  

 

1.5.2 DNA origami and brick assembly 

Scaffolded DNA origami, developed by Paul Rothemund, is an entirely different approach 

to structural DNA nanotechnology and has been transformative for the field since its introduction 

in 2006.204 Using this method, virtually any arbitrary shape can be obtained in one step by folding 

a long genomic DNA strand with the help of short complementary strands (Figure 1.11). These 

short “staple” strands with computer-generated sequences hybridize to the scaffold introducing 

crossovers that effectively align and stitch together DNA duplexes to form the designed shape. In 

the initial report, a ~ 7000 nucleotide-long bacteriophage genome scaffold strand was used in 

combination with ~ 250 staple strands to produce 2D structures on the order of 100 nm in scale, 

with addressable spatial resolution of ~ 6 nm as determined by staple strand positioning.  

The length of the scaffold strand is a limitation to the size of the structures produced by the 

DNA origami method. However, researchers have found ways to scale up assembly. Zhao et al. 

used planar eight-helix tiles equipped with single-stranded overhangs as “staple tiles” and 

quadrupled the surface area of the origami structures formed using the same scaffold strand as the 

traditional technique.205 Furthermore, a strategy termed “superorigami” or “origami of origami” 

organizes origami tiles on a loose framework created from a single-stranded DNA scaffold held 

together by bridge strands.206 On the other hand, a “jigsaw puzzle” strategy proposed by Sugiyama 

uses DNA origami tiles with sequence- and shape-complementarity to form larger structures.207 

Polymerization of rectangular tiles into nanoribbons with the addition single-stranded 

oligonucleotides to bridge an intermolecular scaffold seam has been described,208 and Seeman et 
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al. have created crystalline 2D arrays of origami cross tiles using short complementary sticky ends 

at their interfaces.209 Work from Rothemund later bypassed sequence-complementarity in the 

assembly of origami tiles into larger structures, demonstrating instead that π-stacking interactions 

between blunt-ended tile edges can bring them together.210 Furthermore, the control of periodic 

long-range organization of origami structures on a mica surface has been achieved by mediating 

the surface diffusion of the structures with step-wise changes in counterion concentrations.211 In 

addition, the generation and use of a ~ 51 000 nucleotide-long scaffold strand has been reported to 

yield origami structures seven times larger than the traditional method.212 

 
Figure 1.11| Scaffolded DNA origami in 2D. A long scaffold strand (left, black) is folded using short staple strands 

(left, coloured) into arbitrary 2D shapes (right). (Adapted with permission from Ref. 204, 2006 Springer Nature.) 

 

The DNA origami approach has also been translated to the assembly of 3D objects. One 

approach to this problem was to stitch together flat origami sheets into hollow solids. Using this 

method, Gothelf and Kjems designed a lidded DNA box that can be unlocked upon addition of 

DNA ‘key’ sequences (Figure 1.12 a).213 In another approach, the Shih group carefully adjusted 

the positions of crossover points between duplexes, demonstrating control of the curvature 

between helices, and thus taking origami structures into the third dimension by creating 

honeycomb helix lattices (Figure 1.12 b).214 In a precursor to this method, six-helix bundle 

nanotubes were formed by scaffolded origami and used as a liquid crystal medium to align 

membrane proteins for NMR structure determination.215 Furthermore, this approach led to the 

development of multilayered 3D DNA origami structures where helices adopt hexagonal, square 

or hybrid packing, an opportunity for more versatility in DNA assembly.216,217 
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Figure 1.12| 3D DNA origami. a) Stitching flat origami sheets into a hollow box. b) 3D origami structures formed 

from honeycomb helix lattices and their transmission electron microscopy (TEM) characterization. c) Engineering 

origami structures with curvature and twist using base pair additions and deletions between crossover points in 

honeycomb helix lattices. d) Engineering curved origami structures by aligning helices in concentric rings in 3D. e) 

Using wireframe DNA origami meshes to make complex objects in 2D and 3D. (Adapted with permission from: (a) 

Ref. 213, 2009 Springer Nature; (b) Ref. 214, 2009 Springer Nature; (c) Ref. 218, 2009 AAAS; (d) Ref. 219, 2011 

AAAS; (e) Ref. 220, 2015 Springer Nature.) 

 

A further development in 3D DNA origami methodologies was the addition of curvature 

into the assembled structures. Targeted base pair deletions and additions between crossover points 

introduce strain, inducing prescribed curving and twisting of the structure (Figure 1.12 c).218 A 

similar approach was recently used to form helical nanotubes with controlled diameter and 

chirality. 221 Furthermore, Yan and coworkers have assembled highly complex curved DNA 

origami objects such as a ‘nanoflask’ by orienting helices into concentric rings rather than packed 
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lattices (Figure 1.12 d).219 Complex wireframe 3D structures have been built by folding the 

scaffold strand into bundles describing a polyhedral frame.222 More recently, origami tripod 

structures were used to make the largest 3D polyhedra yet, yielding structures with 100 nm long 

edges and up to 60 megadaltons in molecular weight.223 Additionally, using a wireframe rather 

than dense lattice building approach, a variety of complex 2D and 3D structures have been obtained 

by optimising the routing of the scaffold strand around the framework and introducing different 

junction types (Figure 1.12 e).220,224 

DNA origami is undoubtedly a powerful method to build complex and varied structures on 

the nanoscale. However, it also has notable drawbacks.225,226 Chief among them are complex 

structure and sequence design, the necessity to generate hundreds of unique strands, the large 

sequence pool this represents and the associated high start-up costs. Furthermore, error rates 

increase as strand uniqueness becomes more difficult to achieve, annealing times to prepare 

structures can be as long as a week and yields for complex structures are generally low. Efforts 

have been made to address these limitations.  Sequence design automation can make origami more 

accessible,227 folding pathways have been investigated to provide design tools that minimize 

misfolded products,228 minimizing the sequence space by implementing reusable sequences is 

under investigation, and various adaptations of annealing and purification protocols229 have been 

developed to simplify product preparation and isolation.230,231 

In a unique tile-based approach that is similar to DNA origami in terms of DNA density as 

well as spatial resolution and addressability, Yin et al. proposed to use a single-stranded tile (SST), 

a DNA motif containing four modular domains with precise complementarity relationships. SSTs 

were initially used to produce nanotubes with monodisperse circumference of 4 to 20 DNA 

helices.232 Aldaye and Silver adapted SSTs to make DNA ribbons and nanotubes and use them as 

the basis of artificial DNA/protein extracellular matrices with tunable properties to promote 

cellular adhesion, growth and modulate processes such as signal transduction.233 More 

importantly, the SST approach was later proven to be a powerful method to assemble complex 

two-dimensional shapes from hundreds of distinct tiles selected from a master set that defines a 

molecular canvas (Figure 1.13 a).234 With the tiles redubbed as “DNA bricks”, the SST strategy 

was also adapted to build in 3D by introducing a 90° dihedral angle between tiles upon 

hybridization (Figure 1.13 b).235 The 3D structures were shown to be reconfigurable with toehold-

mediated strand displacement reactions (a single-stranded overhang, or toehold, appended to a 
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duplex can be used to displace a strand by pairing with an invading strand that is fully 

complementary to the strand that is removed).236 Furthermore, brick assembly was used to produce 

microscale DNA crystals with prescribed depths and 3D nanoscale features such as cavities, a 

platform for various potential applications, such as well defined hosts to facilitate cryo-electron 

microscopy imaging of proteins.237  

 
Figure 1.13| Single stranded tile (SST) and brick assembly. a) Design of arbitrary 2D shapes is carried out using a 

molecular canvas composed of SSTs. b) SST connectivity is altered to access complex structures in 3D via “brick 

assembly”. (Adapted with permission from: (a) Ref. 234, 2012 Springer Nature; (b) Ref. 235, 2012 AAAS.) 
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A few important strategies that do not rely on Watson-Crick base pairing, long single 

stranded DNA scaffolds or short staple strands for programmable nanoscale assembly of 

oligonucleotides have been recently reported. The ssRNA origami method described by 

Rothemund et al. demonstrates co-transcriptional folding of a single RNA strand into prescribed 

nanostructures.238 The nascent strand is designed to fold as it is synthesized using hairpins and 

RNA-based association motifs. Mao et al. have made an adaptation of the concept by expanding 

the types of naturally occurring RNA assembly motifs used within nanostructure design and 

avoiding unstable short seams.239 Nanostructures produced following this methodology are well 

suited for in vivo production suggesting that large scales at a low cost are attainable. On the other 

hand, single stranded origami developed by Hao Yan and Peng Yin depends on standard base-

pairing, but foregoes staple strands by rerouting single-stranded DNA and RNA sequences ranging 

from ~ 1000 to 10,000 nt in length into arbitrary shapes, forming the largest unimolecular synthetic 

nucleic acid structures reported to date.240  

Recent developments in DNA origami and brick assembly have pushed the scale of the 

structures achievable by these methods to a remarkable extent. A redesign of the single-stranded 

DNA bricks, modifying domain length from 8 to 12 nucleotides enabled the formation of DNA 

objects up to 1 gigadalton in mmmolecular weight from up to 10,000 unique component strands.241 

Furthermore, an approach mimicking natural assembly principles of large biological structures, 

such as viral capsids, was used to build polyhedral gigadalton-scale structures on the order of 400 

nm in diameter, by designing individual DNA origami modules and the precise interactions that 

bring about their hierarchical assembly.242 The modules assemble via interactions between shape-

programmable features on their surfaces that do not rely on traditional DNA base-pairing. Another 

advance in “scale-up” introduces a methodology for biotechnological mass production of DNA 

strands of virtually any length.243 In this method, a single-stranded DNA precursor composed of 

the sequences of interest interspaced with self-excising DNAzyme cassettes is produced inside a 

bacteriophage, and cultured in bacteria for large scale production. This framework is shown to 

yield all necessary DNA strands for production of macroscopic amounts of DNA origami objects, 

with a projected cost three orders of magnitude lower than that of DNA strands produced using 

standard solid-phase synthesis. With the scale-up and mass production advances listed above, the 

field of DNA nanotechnology is poised for exponential growth and expanded applicability in 

various areas. 
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1.5.3 Supramolecular DNA assembly 

As described above, DNA nanotechnology has exploited the highly programmable nature 

of Watson-Crick hybridization and well established structural parameters of the DNA duplex to 

build a panoply of structures of different morphologies and at a range of scales, from small cages 

to micro-scale 2D arrays and gigadalton polyhedra. However, there is a wider world of 

supramolecular interactions available in chemistry that is ripe for exploration to expand the 

structural diversity and functionality of DNA nanostructures. The field of supramolecular DNA 

assembly has focused on incorporating heterologous components and interactions orthogonal to 

Watson-Crick base-pairing into the DNA nanotechnology toolkit.244 It has combined DNA 

hybridization with modifications such as insertion of synthetic organic moieties, inorganic 

components and polymeric additions to achieve new levels of structural and functional control 

over DNA assemblies, and to expand the possibilities of hierarchical organization.  

Tile based assembly and DNA origami described previously produce DNA-dense 

structures which rely on strand crossovers and branching to take the linear DNA duplex into 2- 

and 3D. In contrast, introducing organic vertices into DNA strands via phosphoramidite 

chemistry245,246 to modify their direction and preorganize the geometry of DNA building blocks 

enables the formation of discrete DNA-minimal wireframe polygonal and prismatic structures 

(Figure 1.14 a)247-249 as well as extended nanotubes.250 Such porous structures are well adapted 

for dynamic behaviour,250 and can be used to host size-specific guests such as gold nanoparticles 

(AuNPs).251,252 Furthermore, small organic insertions have been shown to stabilize DNA 

hybridization, increase the melting cooperativity of the structure, direct the distribution of 

assembly products and stabilize nanostructures from degradation in biological media.170,253,254 

Synthetic additions have also been used to induce curvature in higher order assembly, as 

demonstrated by Endo et al. who incorporated DNA-porphyrin connectors to drive formation of 

nanotubes from 2D tile arrays (Figure 1.14 b).255 Synthetic modification of DNA tiles with a 

combination of thiol/amide, or alkyne/azide reactive groups is another strategy to induce 

curvature,256 and can also create nanotubes stabilized by covalent crosslinking.257,258 The 

incorporation of light-responsive azobenzene units within duplexes linking origami tiles into long-

range assemblies was used as a photo-switch to modulate their rearrangement into prescribed 2D 

patterns.259 
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Figure 1.14| Supramolecular DNA assembly. a) Directed assembly of a DNA hexagon with organic corner units. 

b) Porphyrin connectors induce curvature driving nanotube formation from a 2D tile array. c) DNA cage with 

transition metal complexes at the vertices. d) Stimuli-responsive polymer-DNA assemblies. e) DNA cages decorated 

with sequence-defined DNA-hydrophobic polymer conjugates undergo assembly into quantized aggregates. f) 

Supramolecular polymerization of DNA-pyrene conjugates into helical ribbons. (Adapted with permission from: (a) 

Ref. 248, 2006 Wiley; (b) Ref. 255, 2005 Wiley; (c) Ref. 260, 2009 Springer Nature; (d) Ref. 261, 2010 Wiley; (e) 

Ref. 262, 2014 ACS; (f) Ref. 263, 2015 Wiley.) 

 

As alluded to in section 1.4.2, the integration of transition metals into DNA endows the 

resulting molecules with new properties. An early example of  transition metal binding complex 

incorporation into DNA strands used DNA hybridization to direct the formation of linear and 
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branched metal-organic oligomers to develop macromolecular structures that could form the basis 

of molecular circuits.264 Concurrently, the field saw the development of a variety of branched 

DNA-metal ligand modules for hierarchical assembly, possessing geometric features prescribed 

by the position and valence of the built-in metal-binding vertices. The first cyclic metal-DNA 

nanostructures were formed based on ruthenium(II)-binding tris(bipyridine) components,265 

whereas triangular cyclic structures were assembled with bis(terpyridine)iron(II) complexes at the 

vertices.266 The MacLaughlin group described branched junctions with four267 and six DNA 

arms,268 incorporating nickel(II) tetrahedral complexes and ruthenium(II) octahedral complexes 

respectively, that formed periodic metal-DNA assemblies. The Sleiman group reported a more 

dynamic multi-metallic triangular unit269 which formed the basis for assembly of metal-DNA 

cages with precise 3D positioning of the metal centers at the vertices (Figure 1.14 c),260 and later 

metal-DNA wireframe nanotubes.270 The diphenyl-phenanthroline and terpyridine containing 

DNA-templated ligand environments reported by the Sleiman group were highly selective for the 

incorporation of specific transition metal ions.271 Altogether, metal-DNA junctions represent 

orthogonal components capable of directing DNA assembly into new motifs, and can lend 

significant stabilizing effects to the resulting nanostructures.142,260,271 DNA nanostructures 

containing metal binding complexes have potential applications in catalysis, sensing, electronic 

nanodevices and artificial photosynthesis.272,273 

Synthetic insertion of hydrophobic components into DNA strands is another means of 

accessing orthogonal assembly modes in DNA nanomaterials. Molecular building blocks 

composed of DNA modified with hydrophobic small molecules, dendritic structures and polymers 

present amphiphilic characteristics akin to lipid molecules and amphiphilic block-copolymers. 

They are thus capable of assembly by microphase separation. This orthogonal assembly mode 

complements the DNA nanotechnology toolbox by introducing a powerful new strategy for long-

range and hierarchical assembly. A discussion of DNA nanostructures modified with small lipid-

like molecules and their interactions with lipid bilayers can be found in section 1.5.6. After initially 

investigating DNA structures modified with oligoethylene dendrons that undergo long-range 

assembly into fibers under certain solvent conditions,274 the Sleiman group developed dendritic 

alkyl-DNA amphiphiles that formed micellar structures in aqueous conditions and showed unique 

assembly behaviour when positioned on a DNA-minimal cage scaffold.275 Furthermore, DNA-

polymer conjugates have given rise to DNA micelles with switchable character.261,276 The 
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Gianneschi group has reported the stimuli-responsive morphological conversion of DNA-brush 

polymer spherical micelles into rod structures and back to micelles by modulating the size of the 

hydrophilic block of the DNA-polymer conjugate with DNAzyme cleavage (shrinks the 

hydrophilic block) and subsequent hybridization with complementary DNA strands (re-expansion 

of the hydrophilic block) (Figure 1.14 d).261 The Sleiman group has also contributed to the field 

of DNA-polymer conjugates by developing sequence-defined polymers synthesized using 

standard phosphoramidite chemistry and automated solid-phase synthesis.25  The precise control 

of monomer sequence and length of the polymeric block appended to DNA is instrumental in 

defining the self-assembly properties of the polymers. Sequence-controlled polymers synthesized 

according to this methodology were used to form micelles for drug delivery,277 poly-fluorinated 

“DNA-Teflon” micelles,278 nanoreactors,279 and monodisperse DNA-imprinted polymer 

nanoparticles.280 The decoration of DNA cages with sequence-controlled DNA-polymer 

conjugates produced quantized hierarchical assemblies with dynamic behaviour (Figure 1.14 e)262 

and highly tunable structural features dependent on the length and composition of the polymeric 

block.281 

In the case of DNA building blocks modified with planar aromatic components, the 

contribution of π-stacking interactions between them is an additional driving force behind the 

formation of unique architectures with wide-ranging potential functionalities. For example, the 

stacking properties of chromophores have been used by Wang et al. to create hybrid junctions from 

foldable thermophilic DNA polymers.282 The Häner group has synthesized DNA-oligo-pyrene 

chimera which underwent supramolecular polymerization into helical ribbons decorated with 

DNA strands as a result of stacking of the pyrene units (Figure 1.14 f).263 In a demonstration of 

hierarchical organization, further hybridization of the DNA segments to complementary 

oligonucleotides triggered the assembly of individual ribbons into extensive networks mediated 

by the stacking interactions between the terminal bases of the DNA duplexes.283 The same group 

also used branched DNA building blocks with anthracene modifications to create self-assembled 

networks that were converted to covalently linked 2D polymers following photochemical 

dimerization of the anthracene units.284 DNA duplexes conjugated to phenanthrene oligomers 

formed self-assembled vesicles with light harvesting properties, highlighting a potential 

application of nanostructures with built-in chromophores.285 Interestingly, the incorporation of a 

π-stacking cyanine dye in DNA-amphiphiles that normally form spherical micelles disrupted 
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micelle formation in favour of long fibers with stacked dyes at their core.286 The variety of higher-

order morphologies accessible by combining DNA with hydrophobic moieties, π-stacking and 

polymers represents a rich area of development for functional nanomaterials.  

Alternate naturally-occurring DNA assembly motifs (guanine quadruplex, i-motif, triple 

helix, etc.) may seem like obvious candidates to expand the range of interactions used in DNA 

nanotechnology beyond standard base-paring, however they remain underrepresented in the field. 

Their unique geometries and properties can introduce otherwise inaccessible structural options and 

new functionalities to DNA architectures. Guanine-rich sequences have been shown to assemble 

into G-wires, or extended 1D stacks of G-quadruplexes.287 Well-defined arrays composed of G-

quadruplexes connected by duplex regions have combined Watson-Crick hybridization with non-

B-DNA assembly and could be controlled by adjusting the concentration of monovalent cations in 

the surrounding environment.288 Similarly to G-wires, long range assembly of cytosine-rich i-

motif-forming sequences has been reported.289 I-motif pillars decorated with DNA duplex 

branches can be used to organize materials such as gold nanoparticles along the pillar axis.290 Both 

i-motif and triple helical elements have been incorporated in stimuli-responsive DNA-based 

hydrogels.291,292 The pH dependent stability of DNA triplexes has been harnessed in the design of 

DX tile-based DNA nanotubes that disassemble in response to pH changes and can act as 

sensors.293 Although there is growing interest in incorporating alternative DNA assembly motifs 

into DNA nanotechnology294,295 there is still much work to be done, especially in the context of 

organized long-range assembly.  

The addition of orthogonal interactions into the DNA assembly language through synthetic 

modification of oligonucleotides and alternate assembly modes has become an invaluable tool to 

increase the structural complexity and tunability available to DNA nanotechnology. It has enabled 

the development of structures with morphologies and functionalities that would be inaccessible 

with Watson-Crick base-pairing alone. The interplay of various supramolecular interactions that 

take over the assembly process once new components are introduced is complex and requires 

detailed study with each new system. However, the possibilities of incorporating designer 

properties into the resulting nanomaterials for advanced applications invite further investigation. 
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1.5.4 Long-range assembly via blunt-end stacking interactions 

The hybridization of DNA strands is of central importance in life, biotechnology and 

nanotechnology. As described above, the programmable assembly of DNA nanostructures is 

achieved through the hybridization of carefully designed DNA sequences into prescribed 

structures, while long-range assembly of these building blocks into nanofibers and arrays is 

traditionally achieved by the intermediary of complementary sticky ends or staple strands.176,209,237 

However, DNA has another valuable property that has so far been under-explored for 

hierarchical long-range assembly of DNA nanostructures. DNA duplexes with blunt ends 

(duplexes that do not have complementary single-stranded overhangs) are capable of spontaneous 

end-to-end aggregation via weak interactions that can lead to the formation of liquid crystal phases 

at high concentrations (Figure 1.15 a).296,297 These adhesive forces are the result of stacking 

between the DNA base pairs located at the blunt duplex ends. A combination of π-stacking 

interactions, that depend on surface area of contact between bases and stacking geometry, 

electrostatic forces and hydrophobic effect make contributions to this weak interaction.298 

Within the DNA duplex, it has been reported that base pair stacking, rather than hydrogen 

bond-mediated hybridization of complementary bases, makes the dominant contribution to double 

helix stability.299 By studying long DNA duplexes with single nicks and gaps, Yakovchuk et al. 

have been able to determine the temperature and salt dependence of stacking free energy. In a wide 

range of temperature and salt conditions, they have found that, while A-T pairing via hydrogen-

bonding almost always makes a destabilizing contribution, and G-C pairing contributes almost no 

stabilization, base stacking is always stabilizing. In fact, temperature and salt dependence of the 

stacking term fully determines the temperature and salt dependence of the duplex stability 

parameter.299 Protozanova et al. have determined sequence dependent stacking free energy for 

different base pairs based on stacked-unstacked equilibria determined for nicked duplexes.300 The 

stability of a DNA duplex is widely known to be sequence dependent and to scale with GC content. 
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Figure 1.15| Long-range DNA assembly using blunt-end interactions. a) Aggregation of short DNA duplexes into 

nematic and columnar liquid crystal phases. b) DNA origami tiles with shape complementary and blunt-ended edges 

form a four-tile ribbon. c) 3D origami modules with blunt-ended shape-complementary interfaces assemble 

specifically into dimers that then combine to form a tetramer. Negative-stain TEM characterization is also shown. d) 

Cross-shaped tiles with blunt ends form lattices of varying morphology on mica depending on ambient cation 

concentrations. (Adapted with permission from: (a) Ref. 296, 2007 AAAS; (b) Ref. 210, 2011 Nature Springer; (c) 

Ref. 301, 2015 AAAS; (d) Ref. 302, 2017 Wiley.) 

 

In long-range DNA assembly, the use of weakly adhesive DNA base-stacking interactions 

could promote dynamic rearrangement of building blocks toward regular patterning over larger 

surfaces, thus providing an error correction mechanism during the assembly process. In addition, 

this interaction can possibly give rise to morphologies differing from those obtained with 

traditional DNA base-pairing. Only a limited number of studies have taken advantage of this 

assembly mode so far. For example, one dimensional arrays of three-helix bundle DNA motifs 

have been produced from building blocks presenting blunt duplex ends at their edges.303 The 

Sugiyama group combined the use of shape complementarity, blunt contacts and sticky-end 

cohesion to assemble origami ‘jigsaw puzzle’ pieces into programmable 1D ribbons304 and 2D 
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arrays.207 Soon afterward, Rothemund et al. eliminated the use of sticky ends, fully relying on 

shape complementarity and blunt end adhesion properties to build DNA origami arrays (Figure 

1.15 b).210 Furthermore, tuning of surface adhesion properties via cation addition gave rise to 

extensive periodic lattices on mica.211 The Dietz group built complex, dynamic structures from 3D 

origami components by designing interfaces between components based on shape 

complementarity and blunt contacts as well (Figure 1.15 c).301 More recently, the Mao group has 

combined blunt-end stacking and DNA-surface interactions mediated by cations to control long-

range assembly of small branched and DX tiles (Figure 1.15 d), also finding interesting steric 

effects affecting assembly patterns with the addition of hairpin moieties at tile interfaces.302 

 

1.5.5 Applications of extended DNA assemblies 

Throughout its development, the DNA nanotechnology field has capitalized on the highly 

predictable nature of DNA base-pairing, complemented by a wealth of interactions employed in 

supramolecular DNA assembly, to enable construction of complex nanostructures and extended 

assemblies with nanoscale features. The ability to use DNA nanostructures as scaffolds to spatially 

organize components such as inorganic nanoparticles and proteins is one of the great strengths of 

DNA nanotechnology.305,306 Both periodic and anisotropic positioning of heterogeneous 

components is possible given the addressability of DNA nanostructures, which is an important 

feature for increasing the complexity of hierarchical self-assembled materials. The vast 

applicability of such materials for fundamental studies of interactions between the scaffolded 

molecules, for the manipulation of biological or chemical cascades, the development of optical or 

electronic nanodevices, as well as for patterning on the nanoscale and lithographic applications 

justifies the high volume of research in this area. 

Tile-based DNA assembly can give rise to periodically ordered arrays as discussed above, 

but more complex patterns are also attainable, as in the case of algorithmic assembly of Sierpinski 

triangles307 using Wang tiles. Wang tiles have four different sides that can only assemble with their 

neighbours by juxtaposing “like” sides. In DNA Wang tiles, each side carries a different DNA 

sequence. Such tiles can form aperiodic lattices from a nucleating template, however off-template 

growth and tile misplacement represent common errors encountered in the growth process. 

Reducing the error rate should be possible with recently developed tools that improve robustness 
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in such systems.308 DNA tiles can also potentially be used to generate self-replicating DNA 

materials.309,310 Self-replication is an exciting avenue in materials fabrication as it could be used 

for autonomous amplification of components and their ordered assemblies, thus potentially 

enabling simplified methodologies for large scale production of functional materials. Furthermore, 

advanced algorithmic assembly has been achieved with DNA origami tiles. The Qian group has 

harnessed programmable disorder in random DNA origami tiling to make loop-, maze, and tree-

patterned 2D tile arrays.311 Building on the set of local assembly rules established in this study, the 

group went on to report hierarchical multistage assembly of origami tiles which have a fractal 

organization based on the interactions of different numbers and patterns of short sticky ends along 

different tile edges (Figure 1.16 a).312 The resulting arrays sized up to 0.5 µm2 are designed to 

render arbitrary patterns and images using almost 9000 pixels. An online software tool is available 

to convert user-defined patterns into DNA sequences, making the method more accessible and 

facilitating the assembly of complex 2D arrays which, in the future, could be functionalized to 

build circuits and devices. 

Inorganic nanostructures such as metal or semiconductor nanoparticles and nanowires are 

an important class of materials for optical, electronic, catalytic and sensing applications.313 The 

precise geometric arrangement of such components is an important requirement to harness their 

optical and electronic properties for functional circuits and plasmonics.314,315 DNA 

nanotechnology is a powerful method to scaffold the assembly of inorganic nanostructures into 

complex architectures that take full advantage of this unique combination of bio- and inorganic 

materials.168 Tile-based assembly can be used to pattern gold nanoparticles (AuNPs)316,317 and 

quantum dots (QDs)318 into extended, periodic 2D lattices with specific spacing between particles 

and the possiblity of incorporating particles of different sizes (Figure 1.16 b),319 representing 

advances toward the development of nanoelectronic circuits. Positioning AuNPs into helical 

arrangements, sometimes with controllable chirality, has been facilitated by using extended 

nanotube and helix bundle scaffolds (Figure 1.16 c),320-322 as well as by stacking gold nanorods 

between planar DNA origami tiles bearing capture strands in specified orientations.323 The precise 

organization afforded by DNA origami architecture has been used to build a nanoantenna, where 

the fluorescent response of a dye molecule positioned in a hotspot between two AuNPs was highly 

enhanced as a result of plasmonic coupling.324 Furthermore, rigid DNA origami rods have served 

as scaffolds for hierarchical clusters composed of AuNPs, QDs and dye molecules.325 Tunable 
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cluster stoichiometry and size, as well as their aggregation properties, allow detailed investigation 

of the collective optical properties emerging from the interaction of these components and invite 

the application of these nanostructures as energy funnels or porous scaffolds for catalysis. DNA 

base-pairing has mediated the assembly of 3D plasmonic crystals326,327 and hollow DNA origami 

structures have served as moulds to cast inorganic particles of user-specified shape.328 It should be 

noted that DNA nanostructures have found varied applications in the creation of other composite 

materials. DNA scaffolds have served as templates for polymerization329,330 or for the creation of 

complex DNA-silica hybrid materials,331 as supports to route individual polymer chains along pre-

designed paths,332 and for orienting carbon nanotubes into specified patterns.333 The versatile 

collection of structures and material combinations displaying precise geometry and patterning of 

inorganic and polymer components described above, in addition to tools such as transfer of 

programmed patterns of DNA strands from a nanostructured template to nanoparticles,334 promise 

much future advances in the development of nanoelectronic circuits, light harvesting platforms, 

sensors and other nanodevices. 

In terms of the development of advanced biomaterials and biophysical tools, scaffolding 

protein assembly is another important direction for DNA nanotechnology. DNA-mediated 

nanostructures which precisely position proteins can become valuable tools to study protein-

protein interactions, organize enzymatic cascades, and develop biomimetic materials.168,335 One of 

the initial motivations behind the development of DNA nanotechnology was related to protein 

organization. DNA crystals, that were hypothetical at the time, were imagined to trap proteins 

inside a rigid framework and thus facilitate determination of their structure by X-ray 

crystallography.173 Since then, the study of protein structure has indeed been enabled by a DNA 

nanotechnology tool: a liquid crystalline medium composed of DNA nanotubes was used to align 

membrane proteins for investigation using NMR spectroscopy.215 Similarly to early scaffolding of 

metal nanoparticles, 2D arrays were some of the first ordered structures formed by interfacing 

proteins with DNA nanostructures using tile-based assembly,182 even enabling imaging of a protein 

network by cryo-electron microscopy  (Figure 1.16 d).336 As site-specific protein-DNA 

conjugation remains challenging to this day,335 protein immobilization on DNA lattices mostly 

relies on non-covalent interactions, such as biotin-streptavidin binding,182 aptamer-directed 

capture,337 protein recognition of Holliday junctions integrated into DNA tile design,338 or 

adaptation of the His-tag method for protein purifcation.336,339 DNA nanostructures have enabled 
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the construction of multi-enzyme complexes to study and tune the reactivity of enzymatic 

cascades.340,341 Such systems facilitate inter-enzyme substrate diffusion and regulate interactions 

between reactive units.342 An extended RNA scaffold directing the spatial organization of a 

hydrogen-producing enzymatic pathway has even been expressed in vivo (Figure 1.16 e) inside 

e.coli bacteria.203 Furthermore, DNA nanostructures have been used to nucleate the assembly of 

amyloid fibrils which were later organized on a DNA origami support,343 as well as to examine 

the opposing forces generated by motor proteins with different motion properties.344 The Dietz 

group has described a novel approach for folding double stranded DNA using protein-DNA 

interactions. In this method, transcription activator-like (TAL) effector protein dimers bind to 

distant regions of a double-stranded DNA scaffold, thus bringing them in close proximity and 

stabilizing the folding of the DNA scaffold in predesigned configurations. The resulting hybrid 

DNA-protein nanostructures could represent a powerful new platform for protein organization.345 

Future development in DNA-mediated protein organization is expected to benefit from 

developments in DNA-protein conjugation chemistry.335 Enabled by advances in synthetic 

biology, DNA or RNA-mediated protein scaffolding could be an important platform for 

biophysical studies and the development of biomimetic materials inside living organisms.168 

Biophysical and biomedical applications of DNA nanotechnology are not limited to the 

organization of proteins. Super-resolution microscopy acquired a powerful new tool with the 

introduction of DNA points accumulation for imaging nanoscale topography (DNA-PAINT) 

technique, which relies on the programmability and specificity of DNA binding for transient 

labelling of molecules of interest.346 In combination with DNA origami-based fluorescent 

barcodes,347 DNA-PAINT can be used for multiplexed imaging of different targets.348 Quantitative 

DNA-PAINT (qPAINT) is a more recent variation on the technique, which is capable of counting 

the number of imaged targets.349 The development of discrete DNA nanostructures as drug 

delivery vehicles is a highly active area of research. Many considerations such as drug 

encapsulation, cellular uptake, specific targeting, stimuli-responsive behaviour, and stability in 

physiological media are under intense scrutiny by the community.170,350 The use of DNA 

nanostructures in the development of materials for tissue engineering and regenerative medicine 

is another emerging area in DNA assembly. Supramolecular materials have long been of interest 

in this area of study,351 and the power of DNA building blocks could lend new functions and levels 

of complexity to nanomaterials targeting this type of application. Tile-based DNA nanofibers with 



47 

structural tunability features have been used to mimic the extracellular matrix,233 while DNA 

nanotubes functionalized with adhesion peptides have served as a bioactive substrate affecting 

stem cell differentiation.352 In addition, interfacing DNA nanostructures with lipid bilayers is a 

research direction with potential applications in biophysical studies and biomaterial development. 

Advances in this area are discussed in section 1.5.6 below. 

 
Figure 1.16| Applications of extended nucleic acid nanostructures. a) Fractal assembly of an DNA array bearing 

an arbitrary pattern from DNA origami tiles. b) 2D DNA tile lattice scaffolds periodic AuNP arrays.  c) Chiral 

arrangement of AuNPs along a helix bundle. d) 2D protein array templated by DNA tile assembly. e) Polymerizable 

RNA tiles bearing protein-binding aptameric sequences which enable in vivo scaffolding of an enzymatic cascade. 

(Adapted with permission from: (a) Ref. 312, 2017 Springer Nature; (b) Ref. 319, 2006 ACS; (c) Ref. 321, Springer 

Nature; (d) Ref. 336, 2011 ACS; (e) Ref. 203, 2011 AAAS.) 
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The programmable nature of DNA self-assembly produces highly complex and addressable 

nanostructures built from the bottom up. With functionalization, a wide variety of applications 

becomes available. In addition, the dynamic nature of DNA assembly can be harnessed to create 

responsive structures that can act like nanorobots to undergo motion, transport cargo or perform 

algorithmic operations.353-356 Furthermore, to achieve higher order organization of DNA 

nanostructures and additional components on surfaces, bottom-up assembly of DNA has been 

combined with and top-down fabrication through the use of lithographically patterned 

substrates.357-359 Lithography techniques have the potential to extend the precise patterning of 

objects with nanoscale resolution to the micro- and millimeter length scales. Altogether, the 

ensemble of structures and techniques developed in DNA nanotechnology to build structures with 

extended organization show promise in several areas of application, such as production of 

nanocircuits, platforms for biophysical studies, biomimetic materials and plasmonic devices. 

Furthermore, with the scale-up and mass production advances outlined in section 1.5.2 above, 

high-scale production of DNA nanostructures becomes a realistic prospect in the near future, 

further expanding the applicability of DNA-based materials. 

 

1.5.6 Interactions of DNA nanostructures with lipid membranes 

As described above, biological lipid membranes compartmentalize contents, thus creating 

spatial organization and increasing the efficiency of reactions. Moreover, they serve as the 

interface for various functions such as recognition, transport and signalling, at the same time acting 

as a fluid framework for long-range organization, and as an anchoring support for membrane 

proteins. There is significant appeal in interfacing lipid bilayers with precisely designed structures 

built using DNA nanotechnology. By bringing these self-assembly worlds together, it is possible 

to probe biological phenomena with biomimetic DNA-based model systems, and to achieve 

higher-order, hierarchical organization of nanomaterials on a fluid, biologically relevant support.15 

Lipoplexes, or mesoscale assemblies of lipids with DNA, are a highly documented class of 

complexes that have long held promise for gene therapy applications and transfection.360,361 

Cationic lipids are most common in the formation of lipoplexes due to the strong electrostatic 

binding of their headgroups to polyanionic nucleic acids, particularly at low salt concentrations 

which minimize electrostatic screening effects (Figure 1.17 a).362 DNA also binds to zwitterionic 
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lipids, especially in the presence of divalent cations such as Mg2+ or Ca2+, which are thought to 

bridge phosphate groups between neighbouring lipid molecules thus neutralizing their negative 

charges, and favoring electrostatic binding of the positive charges to the DNA backbone.363,364 

Interactions of unmodified DNA with lipid bilayers are highly dependent on bilayer composition 

and phase, with preferential binding reported for the gel and liquid ordered (Lo) phases, potentially 

due to a higher charge density which follows from closer lipid packing.365,366 A more versatile 

approach to direct  the binding of DNA molecules and nanostructures to lipid bilayers is by 

synthetically modifying DNA strands with hydrophobic moieties (Figure 1.17 b).367 

Modifications such as cholesterol,368-370 tocopherol,371,372 or porphyrins373 are available as 

phosphoramidites allowing for simple preparation of conjugates. Hydrophobic polymers such as 

polypropeleneoxide (PPO) may also be converted to a phosphoramidite form for conjugation to 

DNA using standard solid phase synthesis methods.374 

 
Figure 1.17| DNA-lipid interactions. a) Electrostatic binding of DNA to (from top to bottom) cationic lipids, 

zwitterionic lipids in the presence of divalent cations, and zwitterionic lipids in the absence of cations (weak binding). 

b) Amphiphilic DNA conjugates with i) a hydrophobic polymer, ii) a porphyrin, iii) alkyl chains and iv) cholesterol, 

where the hydrophobic moiety can embed into a lipid bilayer. (Adapted with permission from Ref. 15, 2014 ACS.) 

 

Much work has looked into the binding properties of small DNA constructs such as single 

strands, duplexes and cages with lipidic modifications to vesicles and supported bilayers with 

focus on the orientation of constructs upon binding,375,376 preferential localization to different lipid 
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phases,368,371,372,377  diffusion on the bilayer upon binding,373 and construct addressability through 

hybridization with additional DNA strands369,378,379 or cleavage by enzymes.372 Partitioning of 

constructs to different lipid phases can be achieved by modifying the anchoring hydrophobic 

moiety. For example, strands anchored with palmitoyl372,377 and tocopherol371,372,378 modifications 

have been shown to preferentially bind to liquid ordered (Lo) and liquid disordered (Ld) phases 

respectively. The partitioning of cholesterol modified constructs is affected by the presence of a 

spacer between the DNA portion and the cholesterol moiety, as well as by the number of 

cholesterol units, with localization either moslty on the Ld phase, mostly on the Lo phase, or spread 

over both depending on the anchor structure.368,370,380 

One of the first examinations of a larger DNA nanostructure interacting with a lipid bilayer 

was carried out by the Schwille group, who used DNA origami nanorods modified with 8 

cholesterol-triethylene glycol (TEG) anchors, all positioned on the same face of the structure.381 

This work examined the binding of the nanostructures to zwitterionic, cationic and anionic lipid 

vesicles, finding that the cholesterol anchors assured binding to all three, with strength of the 

interaction depending on cation concentration in the buffer. Furthermore, it reported switchable 

binding behaviour on phase-separated lipid membranes, with low Mg2+ conditions favoring 

binding to the Ld phase accompanied with crowding-dependent rotational and translational 

diffusion, and partitioning of the structures transitioning to the Lo phase in the presence of high 

Mg2+ concentrations. These findings were not reproducible with single stranded DNA-cholesterol 

conjugates, highlighting the specific properties of deposition of larger DNA nanostructures. The 

anchoring moiety is not the only determinant of deposition behaviour, as electrostatic interactions 

between the negatively charged DNA and lipid headgroups, which are highly dependent on 

headgroup charge, lipid packing density and counterion concentrations, take on an important role. 

Following this work, the studies building on the concept of functional DNA nanostructures 

interacting with lipid bilayers multiplied. The Simmel group described a DNA origami “bilayer”. 

It formed when a rectangular tile modified with 35 cholesterol units folded upon itself to facilitate 

interactions between the hydrophobic moieties and protect them from the aqueous environment.382 

Interestingly, the DNA “bilayer” unfolded when exposed to a lipid bilayer and bound it, suggesting 

potential applications for this type of nanostructure in drug delivery applications. The Sugiyama 

group used a lipid bilayer support to study the reversible photoinduced assembly of hexagonal 

DNA origami tiles modified with cholesterol for bilayer anchoring, and azobenzene-bearing arms 
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for photodimerization (Figure 1.18 a).383 The assembly/disassembly process was visualized by 

fast-scan AFM and demonstrated the potential for higher order assembly of DNA nanostructures 

on this fluid support. Cholesterol anchored DNA origami tiles modified with fluorophores were 

also used by the Yan group as membrane-exploring agents allowing for super-resolution 

fluorescence imaging of bilayer surface features.384 Furthermore, tiles could be removed from the 

bilayer by displacing the cholesterol-modified anchoring strands, or assembled into linear 

oligomers with the addition of linking strands. This system represents a versatile tool in the 

development of membrane bound DNA nanodevices. 

One of the early successes of the DNA nanotechnology field consisted in the creation of 

extensive, periodic arrays of DNA tiles. As discussed earlier, long-range organization of DNA 

origami tiles into lattices is also a focus of investigation. Combining this aim with the emerging 

understanding of the binding and dynamics of cholesterol-modified DNA nanostructures on lipid 

bilayers, the Liedl group reported lipid membrane-assisted growth of linear arrays and 2D lattices 

of DNA origami tiles (Figure 1.18 b).385 The structures (multilayer rectangular DNA blocks and 

Y-shaped tiles) were modified with varying numbers of cholesterol units, deposited on DOPC (1,2-

dioleoyl-sn-glycero-3-phosphocholine) fluid bilayers and assembled into networks via addition of 

complementary staple strands. This study examined the diffusion properties of the tiles, which 

were dependent on the size of the nanostructure as well as the number of anchoring units, finding 

that diffusion on the fluid bilayer support facilitated the formation of larger arrays than assembly 

in solution. The Sugiyama group applied an alternative strategy to achieve large organized arrays 

of DNA origami cross-shaped tiles (Figure 1.18 c).386 They used unmodified DNA tiles with 

blunt-ended edges which bind electrostatically to zwitterionic DOPC in the presence of Mg2+ 

cations and form long range assemblies through an ensemble of weak blunt-end contacts. The free 

diffusion of tiles on the fluid support allows for dynamic processes such as array reorganization 

and defect filling observable using high speed AFM imaging. The same group further elaborated 

on this concept by describing hierarchical, lipid bilayer-assisted assembly of lattices in a two-step 

process.387 The formation of an initial framework of cross-shaped tiles is followed by docking of 

square tiles in the framework cavities, which is mediated by electrostatic interactions facilitated 

by high Mg2+ concentrations, or can be directed with the addition of complementary strands at 

specific positions (Figure 1.18 d). In an additional study, the group examined the binding of 

unmodified cross-shaped tiles to phase separated bilayers and the effect of switching from Mg2+  
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Figure 1.18| Long-range assembly of DNA nanostructures on lipid bilayers. a) Photoresponsive 

assembly/disassembly of hexagonal, cholesterol-modified DNA origami tiles on a lipid bilayer support. The linking 

duplexes are modified with azobenzene units which allow the duplex to form when in trans conformation and disrupt 

it in cis conformation. b) DNA origami lattices assembled from cholesterol-modified rectangular multilayer tiles or 

Y-shaped triskelion tiles with the addition connecting DNA staples. c) Membrane-assisted assembly of unmodified, 

blunt-ended DNA origami cross-tiles on a fluid bilayer support. d) Sequential self-assembly of tile arrays by directed 

docking. An initial DNA origami cross-tile lattice is formed as in (c) followed by the addition square tiles that are 

trapped in lattice cavities at high Mg2+ concentrations or via sticky-end cohesion. (Adapted with permission from: (a) 

Ref. 383, 2014 ACS; (b) Ref. 385, 2015 ACS; (c) Ref. 386, CC by 4.0; (d) Ref. 387, 2018 Wiley.) 
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to Na+ containing buffer on their adsorption.388 Dohno et al. have also examined the long-range 

organization of DX-tile constructs containing strands whose backbone was modified with aliphatic 

substituents capable of embedding in lipid membranes.389 Altogether, this dynamic field of study 

shows promise for the development of mesoscale 2D stuctures with hierachical organization which 

can be used to scaffold functional moieties such as proteins or nanoparticles and respond to stimuli 

from the environment. 

Another interesting area of development for DNA nanostructures at the interface with lipid 

membranes is in mimicking biological events and building model systems to study biological 

processes. For example, the hybridization between simple DNA-cholesterol constructs anchored 

to vesicles and supported lipid membranes has been used to mimic the action of SNARE proteins 

which facilitate vesicle fusion (Figure 1.19 a).390,391 Such simplified artificial systems represent a 

tool to control and manipulate the composition of biological compartments for technological 

applications as well as to understand some of the mechanics of the complex fusion event in a 

simplified context. A more advanced platform composed of a lipid vesicle templated in a DNA 

origami ring and presenting SNARE protein fragments in a manner where both their number and 

orientation are controlled was used to study individual fusion events mediated by SNARE protein 

interactions.392 

The development of DNA nanostructures as synthetic membrane channels is another 

growing area of biomimetic application. Examples of such nanostructures include a large 

multilayer DNA origami channel with a transmembrane stem and a barrel-shaped cap which 

anchors the structure to the bilayer through 26 cholesterol moieties (Figure 1.19 b),393 as well as 

smaller helix bundle-type constructs anchored via porphyrin modifications,394,395 or alkyl chains 

conjugated to the DNA backbone.396 These artificial membrane channels have a range of 

properties, such as ion conductance similar to natural membrane channels,393 voltage-gating,395 

ligand-controlled transport of cargo across the membrane,397 the possibility to exert cytotoxic 

effects,398 and enzymatic activity (mixing lipids between the inner and outer leaflets at the pore 

site).399 These properties open the door for numerous applications, from sensing, to harnessing 

their antimicrobial and cytotoxic effects for therapeutics aims, and utilizing their ion conducting 

properties to drive molecular devices. Recently, DNA frameworks have also been utilized to 

organize protein fragments such as intrinsically disordered nucleoporins400 and peptides derived 

from an oligosaccharide transporter401 to form stable membrane-spanning pores. This new 
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scaffolding application of DNA nanostructures at the lipid interface represents a powerful tool for 

the investigation of membrane-bound biological structures and processes that are difficult to probe 

in situ in a simplified, controllable setting. 

 
Figure 1.19| DNA nanostructures that mimic biological systems at lipid interfaces and shape lipid bilayers. a) 

DNA-induced lipid vesicle fusion. b) Artificial lipid membrane-spanning channel based on multilayer DNA origami. 

c) Designer liposomes of various shapes templated by reconfigurable DNA cages. (Adapted with permission from: 

(a) Ref. 390, 2007 ACS; (b) Ref. 393, 2012  AAAS; (c) Ref. 402, 2017 Springer Nature.) 

 

DNA nanostructures can also be used as mimics of protein-based lipid bilayer-shaping 

cytoskeletons. The transformation of membrane morphology is one of the most fundamental 

cellular functions. Furthermore, the creation of vesicles of specific sizes and complex shapes found 

in cellular biology is an important goal in nanotechnology as it would provide better tools to study 

the interactions of different proteins with membranes of biologically relevant curvatures and 

compositions. The Schwille group has created DNA origami nanostructures imitating the action 

of coat-forming proteins which are able to sculpt and transform membranes. By designing either 

flat403 or curved,404 multiplayer DNA origami scaffolds capable of further self-assembly on 

vesicles, they were able to reproduce the effects of membrane-sculpting proteins of the BAR 

family. On the other hand, the Lin group, initially in collaboration with Rothman and Shih, has 
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used DNA origami rings modified with lipid handles to template the formation of lipid vesicles of 

specific size and variable composition.405 By using a set of modular, reconfigurable DNA 

nanocages, the same group was able to form liposomes with designer geometries (linear tubes of 

various diameters, toroids, helices and tubular arrays) as well as remodel them following assembly 

by modifying the structure of the DNA scaffold (Figure 1.19 c).402 The Lin group also designed 

spiral DNA scaffolds inspired by dynamin proteins and ESCRT machinery, two protein classes 

that polymerize into helical structures coating lipid tubules, to develop a strategy to create tubular 

liposomes from spherical vesicles.406 This ensemble of studies demonstrates that rigid DNA 

nanostructures can template, bend and transform biological membranes in a controllable manner. 

These platforms have wide-ranging potential applications as tools for fundamental studies of 

protein-bilayer interactions, delivery vehicles and even as minimal biomimetic cellular machines, 

pushing the limits of nanotechnology into cellular biology.407,408 

 

1.6 Context and scope of thesis research 

Self-assembly is enabled by the information encoded in the structural features of 

molecules. It operates over a range of length scales and gives rise to organization and complexity 

in matter both in the natural world and in rationally designed systems and materials, many of which 

are inspired by structures found in biology. The DNA molecule exemplifies the concept of 

information storage both in its structure and in its biological function, which arises from the 

remarkable recognition properties of its base-pairing alphabet. The last few decades have seen an 

explosion in the fields exploring self-assembly based nanomaterials. Within this context, DNA 

nanotechnology has developed a rich ensemble of methodologies to build precise and highly 

addressable structures on the nanoscale, mostly by relying on standard Watson-Crick base-pairing, 

but also by expanding the assembly toolbox, introducing additional components and types of 

interactions into the nanostructures. Some of the current challenges in the development of DNA-

based nanomaterials lie in further expanding the variety of orthogonal interactions that can be 

incorporated to achieve higher complexity and functionality. In addition, interfacing the 

nanostructures with different environments, be it the biological medium or substrates for 

organizing individual DNA components into larger assemblies, is crucial for many potential 

applications. The work presented in this thesis takes advantage of basic supramolecular chemistry 
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principles to incorporate alternative modes of DNA assembly into the nanotechnology toolbox and 

to achieve long range organization of DNA molecules through simple strategies. 

In Chapter 2, basic molecular recognition principles are applied to expand the DNA base-

pairing alphabet without making any synthetic modifications to the DNA strands themselves. A 

small molecule, cyanuric acid, which has three thymine-like faces, coaxes unmodified 

poly(adenine) strands into forming nanofibers. The cyanuric acid-mediated poly(adenine) 

assemblies are proposed to have a unique internal structure wherein adenine residues and cyanuric 

acid molecules associate into hexameric rosettes that bring about the formation of poly(adenine) 

triple helices which further polymerise into extended nanofibers. Fundamentally, this discovery 

demonstrates that a small molecule can induce nucleic acid assembly. This association gives rise 

to a non-canonical DNA structure which forms the basis of a new nanomaterial produced from 

inexpensive, readily available building blocks. In principle, small molecule-mediated DNA 

assembly is not unique to this nucleobase-small molecule combination, such that there is a vast 

potential for further expansion of the DNA alphabet through this methodology. Furthermore, the 

combination of this orthogonal assembly mode with traditional DNA nanotechnology based on 

standard Watson-Crick hybridization could be used to build DNA nanostructures with greater 

complexity. 

Chapter 3 examines the mechanisms involved in cyanuric acid-mediated poly(adenine) 

nanofiber assembly as well as key parameters affecting the process. This investigation uncovers 

strand alignment within the nanofibers and determines that the supramolecular polymerization of 

poly(adenine) strands proceeds via a cooperative mechanism. Cyanuric acid concentration and 

poly(adenine) strand length are identified as the main parameters affecting the assembly process 

and nanofiber properties, most notably their thermal stability. Moreover, a novel methodology 

based on thermal hysteresis analysis is applied to acquire a quantitative representation of the 

kinetic and thermodynamic parameters underlying the cooperative supramolecular polymerization 

mechanism. Such insight into the mechanism and tunable assembly product behaviour in response 

to parameter variations is valuable for future development of applications of this unique DNA-

based nanomaterial. 

Chapter 4 departs from the context of basic DNA molecular recognition properties and 

supramolecular polymerization addressed in the previous two chapters by focusing on a different 

set of intermolecular interactions to generate long-range DNA assembly. Blunt-ended DNA tiles 
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(tiles lacking complementary single-stranded portions at the duplex ends) are modified with 

cholesterol, a hydrophobic anchoring moiety, and interfaced with lipid bilayers, a soft support with 

composition-dependent properties. Striking a balance between competing and complementary 

interactions (base-stacking between blunt DNA duplex ends, cholesterol anchor embedding into 

the hydrophobic portion of the bilayer, electrostatic DNA binding to the bilayer surface, and the 

fluid nature of the lipid bilayer) leads to the formation of dynamic lattices with long-range order 

and tunable morphology on a cell membrane-like support. In turn, these networks represent a tool 

for organizing materials such as nanoparticles or proteins at a biological interface, with potential 

applications in cellular recognition, development of model systems to study membrane proteins, 

plasmonics, or light harvesting. 

The Appendix which closes the thesis takes another look at cyanuric acid-mediated 

poly(adenine) assembly. Nuclear magnetic resonance (NMR) spectroscopy studies on pre-

organized poly(adenine) constructs are pursued to directly characterize the internal structure of 

cyanuric acid-mediated assembly to further validate the hexameric rosette architecture proposed 

in Chapter 2. Preliminary experiments are unsuccessful owing to the polymerization of constructs 

under investigation, however alternative strategies are suggested. 

On the whole, this thesis presents how information encoded in simple molecular building 

blocks and the interplay between various intermolecular interactions can be directed to reprogram 

and manipulate DNA assembly and long-range organization. The resulting structures acquire 

unique features and higher complexity that suggest new possibilities for DNA-based 

nanomaterials. 
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2| Reprogramming the assembly of 

unmodified DNA with a small molecule 

 

 

 

 

This chapter is mostly composed of work published as “Reprogramming the assembly 

of unmodified DNA with a small molecule” by N Avakyan, AA Greschner, F Aldaye, CJ 

Serpell, V Toader, A Petitjean & HF Sleiman; Nat. Chem. 8, 368-376 (2016). The short 

section on cyanuric acid analogs has not been previously published. 
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Contributions 

NA designed and performed all experiments unless listed below and analysed the results 

obtained. Faisal Aldaye and Andrea A. Greschner participated in the conception of the project, 

predating the work presented in this chapter. AAG also synthesized the 7-deazaadenosine-

containing strand (section 2.4.18), the strands composing the intramolecular system (section 

2.4.19), contributed to the design of several figures (by building figure elements using the program 

Blender) and provided insight over the course of the project. Dr. Christopher J. Serpell obtained 

the adenosine-cyanuric acid co-crystal, solved its X-ray diffraction pattern and contributed the 

figure showing rearrangement of the crystal tape structure (section 2.4.11 and Figure 2.8). Dr. 

Violeta Toader synthesized the TIPDS-dA and hex-CA derivatives (sections 2.4.12 and 2.4.13). 

Prof. Anne Petitjean performed the vapor pressure osmometry studies and analyzed the results 

obtained (section 2.4.14). Dr. Maciej Barlog synthesized TEG-CA and pr-CA (sections 2.4.22 

and 2.4.23). 

 

2.1 Introduction 

The standard DNA base-pairing alphabet gives rise to both the familiar double helix and a 

variety of alternate assembly motifs such as the guanine quadruplex, i-motif and triple helix.1,2 

DNA’s stability, remarkable recognition properties and diversity in tertiary structure are not only 

relevant to biological function. Three decades of DNA nanotechnology research have revealed its 

power as a building block in developing nanomaterials.3 Considering the wealth of intermolecular 

interactions exploited in supramolecular chemistry, the DNA base-pairing code is limited to just 

two hydrogen bonding motifs that harness only four letters of a vast potential alphabet. Efforts to 

expand this genetic ‘alphabet’ have been driven by several goals. First, information about the 

principles behind the selectivity, function and evolution of DNA can be obtained by replacing its 

bases or backbone with artificial counterparts.4-6 Second, selective incorporation of new properties 

relevant to materials science, synthetic biology, biotechnology and medicine can be achieved by 

using unnatural DNA analogs.7-11 Finally, compared to the standard A-T/G-C duplex code, an 

expanded DNA alphabet grants access to increasingly complex DNA nanostructures, with 

potentially reduced defects.12,13 
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The creation of artificial nucleic acid motifs has relied on synthetic incorporation of 

nucleobases with altered hydrogen-bonding patterns,14,15 hydrophobic interactions,16,17 or metal 

coordination.18-20 Synthetic incorporation of unnatural bases which present more than one 

hydrogen-bonding ‘face’ in order to access higher-order DNA structures has been of great 

interest.21-25 ‘Janus’26 monomers (complementary to two nucleobases simultaneously) were 

attached to peptide nucleic acids (PNA) that associated into triplexes with the addition of two 

complementary DNA strands.27 In another example, iso-guanine strands formed a DNA pentaplex 

in the presence of large alkali ions.28,29 In the studies cited above, changing the DNA self-assembly 

code required synthetically laborious attachment of new monomers onto nucleoside sugar 

moieties, their incorporation into DNA strands and assembly of these new strands into altered 

structures. Intercalation of crescent-shaped alkaloids such as coralyne has been shown to induce 

the formation of an antiparallel duplex from poly(adenine) sequences,30-34 and addition of -

extended molecules to guanine-rich strands can chaperone the formation of quadruplex 

structures.35 

Adenine contains two hydrogen-bonding (Watson-Crick and Hoogsteen) faces, each with a 

two-point donor-acceptor motif. In the presence of poly(thymine), poly(adenine) can form double 

and triple helices (Figure 2.1 a). On its own, poly(adenine) assembles into a parallel homoduplex 

in acidic conditions,36,37 whereas an antiparallel homoduplex can be formed at neutral pH with the 

addition of small molecule intercalators such as coralyne.30,31 In principle, we can reprogram 

poly(adenine) interactions to induce assembly of a higher-order structure if we combine adenine 

with a small symmetric molecule such as cyanuric acid (CA), that contains three complementary 

thymine-like faces (Figure 2.1 b). CA and its analogs have been extensively used in 

supramolecular chemistry, most notably to form hydrogen-bonded tape and hexameric rosette 

architectures with melamine and its analogs.38-40 

This chapter describes how the simple addition of CA can reprogram the assembly of 

unmodified poly(adenine) strands into nanofibers. Microscopy, spectroscopy and light scattering 

techniques are used to demonstrate that assemblies generated from poly(adenine) are indeed 

dependent on the presence of CA. Investigation into the structure of the assemblies supports the 

association of CA and adenine units into a proposed hydrogen-bonded hexameric rosette that gives 

rise to a DNA triplex. Additionally, the versatility of the assembly is tested by changing the 

poly(adenine) backbone to RNA and PNA, examining assembly with CA analogs and by 
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decorating nanofibers with streptavidin molecules. Fundamentally, this report illustrates that small 

hydrogen-bonding molecules can be used, in water, to induce the assembly of nucleic acids into 

new forms. This orthogonal assembly mode expands the 4-letter DNA alphabet and increases the 

range of possible architectures in DNA nanotechnology. In addition, the structures described here 

can be generated in large quantities from biocompatible components, allowing prospective 

applications in tissue engineering and drug delivery. 

 
Figure 2.1| Adenine hydrogen bonding to thymine or cyanuric acid. a) The Watson-Crick and Hoogsteen binding 

faces of adenine can participate in the formation of duplex or triplex structures with thymine. b) Cyanuric acid, a small 

molecule with three thymine-like faces, could form a non-canonical DNA assembly motif by interacting with adenine. 

 

2.2 Results and discussion 

2.2.1 Evidence of CA-mediated assembly of d(A15) 

CA-mediated assembly of poly(adenine) DNA (d(An)) was first examined by atomic force 

microscopy (AFM) in air. Deposition of a mixture of d(A15), excess CA and sodium chloride 

(NaCl) in water led to the formation of fibers on the mica surface upon drying (Figure 2.2 a). 

Drying effects, such as variations in local concentrations of mixture components in different areas 

on the surface, affect the density of fibers observed and their appearance. However, in general, a 

network is formed from fibers of uniform 2.5 ± 0.1 nm height (Figure 2.2 b). In contrast to the 

assemblies obtained for the d(A15) mixture with CA, no fiber formation was present in control 

experiments where d(A15) or CA were deposited alone under matching pH and salt conditions 

(Figure 2.2 c).  
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Figure 2.2| AFM topography images in air for CA-mediated assembly of d(A15). a) Upon drying, a mixture of 

d(A15), CA and NaCl yields extensive fiber networks. Drying effects influence the density and appearance of the 

features on the surface. b) Topography image and feature height traces used to calculate average fiber height. c) AFM 

height images in air for CA-mediated assembly of d(A15) into nanofibers (left); neither d(A15) (center) nor CA alone 

(right) show fiber growth under the same pH and salt conditions. 
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AFM imaging in fluid also revealed well-defined nanofibers sometimes reaching microns 

in length (height of 2.0 ± 0.1 nm), suggesting that CA-mediated assembly of d(A15) is a solution-

based phenomenon that does not depend on the infinitely high concentrations of mixture 

components that are achieved by drying it down on the mica surface (Figure 2.3 a). Furthermore, 

imaging in solution confirmed that no fiber assembly takes place in the absence of CA. Additional 

evidence for the role of CA in mediating fiber formation was acquired by dynamic light scattering 

(DLS). CA addition to d(A15) brought on a marked increase in scatter intensity (Figure 2.3 b) 

representing the presence of larger particles in the sample, in keeping with the formation of long 

fibers observed by AFM. DLS measurements confirmed that aggregates freely diffusing in solution 

were non-spherical, as the mean hydrodynamic radius obtained varied with changing detection 

angle. Altogether, these findings indicate that using CA, a small molecule with binding features 

complementary to a natural DNA base, is a means to produce self-assembled nanofibers from 

simple, inexpensive components. 

 
Figure 2.3| CA-mediated assembly of d(A15) in solution. Extensive assembly in the presence of CA strongly 

suggests that both d(A15) and CA are required for fiber formation.  a) AFM imaging of 5 µM d(A15) in fluid. Fiber 

formation in the presence of 10 mM CA (left); no fiber formation in the absence of CA (right). b) Scatter intensity 

signal from DLS for d(A15) in the presence of 10 mM (red) or 0 mM (blue) CA. 

 

The structural nature of these fibers was studied by circular dichroism (CD) and ultraviolet-

visible (UV-Vis) absorbance spectroscopies. UV-Vis absorbance showed hypochromicity and a 

slight red shift of the DNA absorbance peak at 260 nm for d(A15) in the presence of CA and NaCl 

(pH 4.5) (Figure 2.4 a). Furthermore, a rise in absorbance was detected in the 285 nm region, a 

feature associated with formation of J-aggregates as a result of ordered chromophore stacking.41 
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Under the same conditions, the CD spectrum for d(A15) changed dramatically in the presence of 

CA, with the appearance of strong negative bands at 212 and 252 nm and of weak positive bands 

at 267 and 285 nm (Figure 2.4 b). The CD spectrum is distinct from that of a B-DNA duplex and 

bears similarities to the spectrum of a poly(A)-poly(T)-poly(T) triplex, with a slight red-shift.42 

Control CD and UV-Vis experiments showed that CA addition has no such effect on DNA strands 

of random sequence (Figure 2.4 c-d), an observation confirmed by AFM imaging in air (data not 

shown).  

 
Figure 2.4| Spectra for d(A15) and a random sequence control RAN in the presence of 10 mM (red) or 0 mM 

CA (blue). a) UV-Vis absorbance spectra for d(A15), b) CD spectra for d(A15), c) UV-Vis spectra for RAN and d) CD 

spectra for RAN. 

 

Thermal denaturation of the CA-mediated assembly was monitored by CD, UV-Vis and 

DLS (Figure 2.5 a-c). The curves showed a well-defined, cooperative transition with a sigmoidal 

shape akin to the thermal denaturation of a DNA double helix. This observation is a sign of uniform 

assembly that does not go through stable intermediate stages during the melting process. Scatter 
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intensity for CA-mediated d(A15) structures monitored by DLS similarly showed a sharp drop with 

increasing temperature, suggesting that large aggregates disassembled directly to their constituent 

components (Figure 2.5 c). This transition can also be qualitatively observed by AFM in solution 

while imaging at an ambient temperature of 29°C (Figure 2.5 d). With continuous imaging of a 

region of the sample at these conditions, fibers initially deposited on the surface disassembled over 

time due to instability at this temperature. Furthermore, a kinetic barrier to assembly was evident 

in the hysteresis detected between the melting and annealing curves obtained by CD (Figure 2.5 

e), an observation often  associated with cooperative self-assembly processes43 that will be 

discussed in Chapter 3.  

  
Figure 2.5| Thermal denaturation of d(A15). Melting curves for d(A15) in the presence of 10 mM (red) and 0 mM 

(blue) CA by (a) CD (monitored at 252 nm), (b) UV-Vis absorbance (monitored at 260 nm) and (c) DLS. d) Qualitative 

representation of fiber melting followed by AFM in solution. Imaging at an ambient temperature of 29 °C, scale bar: 

500 nm. e) Normalized melting and annealing curves for d(A15) in the presence of 18 mM CA obtained by CD 

(monitored at 252 nm). 
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The same CD features characteristic of assembly were obtained in the presence of Mg2+ 

rather than Na+ and at lower ion concentrations. Just as in the case of standard DNA hybridization, 

where cations are required to counter the dense negative charge of the DNA phosphate backbone, 

counterions are essential for the formation of CA-mediated d(A15) assemblies, with divalent 

cations having a more potent stabilizing effect than monovalent ones.44-46 Compared to Na+, much 

lower concentrations of Mg2+ ions were required to observe the CD spectrum characteristic of CA-

mediated assembly of d(A15) (Figure 2.6 a-b). No assembly was reported below 20 mM Na+ 

whereas with Mg2+ concentrations as low as 0.25 mM, assembly still occurred, as monitored by 

CD and UV-Vis absorbance. Above 20 mM magnesium, the onset of sample gelation was apparent 

with the naked eye and light scattering from the formation of large aggregates distorted the CD 

signal. The nature and concentration of counterions thus have an important effect on the extent of 

assembly. As expected, the TM (melting temperature) values for CA-mediated assemblies of d(A15) 

increase with increasing counterion concentration (Figure 2.6 c). For further experiments, 

counterion concentration was maintained at 7.6 mM Mg2+. 

Under highly acidic conditions (pH 3), poly(adenine) strands (both RNA and DNA) self-

associate into parallel homoduplexes as a result of protonation of the adenine units.36,37,47,48  Based 

on major differences in the CD spectra obtained for the poly(adenine) duplex formed in acidic 

conditions and assemblies obtained in the presence of CA, it was ascertained that CA-mediated 

assembly of d(A15) produces a distinct species. At pH 3, the CD spectrum of d(A15), both with CA 

added or in the absence of the small molecule, was dominated by the parallel poly(dA) duplex 

signal, whereas at pH 8 the spectrum indicated the presence of single-stranded d(A15) (Figure 2.7 

a-b). From pH 4 to 7, the spectra obtained were characteristic of CA-mediated assembly (Figure 

2.7 a). In this range, both adenine bases (pKaH ~3.6)49 and CA (pKa ~6.88)49 are expected to be 

mostly uncharged, suggesting that uncharged components are necessary for the formation of the 

higher-order structures. Spectra of d(A15) samples at pH 4 to pH 8 in the absence CA resembled 

the spectrum for d(A15) in the presence of CA at pH 8 (Figure 2.7 a, blue trace), indicating no 

assembly. 
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Figure 2.6| Effect of counterions on CA-mediated assembly of d(A15) (10mM CA). a) CD spectra for d(A15) in a 

range of Na+ concentrations (0, 5, 10, 20, 100, 200 and 450 mM). b) CD spectra for d(A15) in a range of Mg2+ 

concentrations (0, 0.05, 0.10, 0.25, 0.50, 1.00, 2.50, 5.00, 10.00 and 20.00 mM). c-d) Normalized thermal denaturation 

curves for d(A15) in a range of Na+ (c) and Mg2+ (d) concentrations (as listed in (a) and (b)). Insets show the trend of 

TM dependence on counterion concentration. Traces in shades of red are attributed to samples showing CA-mediated 

assembly, whereas traces in shades of blue appear to show no assembly. 

 

It is possible to draw parallels between the TM dependence on CA concentration and subtle 

changes in stability dependent on sample pH (Figure 2.7 c). From pH 4 to 7, where a CD spectrum 

associated with CA-mediated assembly was observed, thermal denaturation studies following the 

CD signal yielded similar TM values indicating comparable stability, such that change in pH did 

not alter the assembly process. The variation in TM values obtained in this pH range seems to stem 

from the concentration of fully protonated CA available for assembly in the samples. For samples 

at pH 5 and 6, the protonated CA concentration varied from 9.8 to 9.3 mM (based on CA pKa equal 

to 6.88 and equilibrium calculations from experimentally determined sample pH) and samples had 

equivalent TM values, whereas for the pH 7 sample, the concentration dropped down to 6.3 mM 
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and was accompanied by a 3°C drop in TM. The TM value also dropped for the pH 4 sample, 

possibly due to a larger extent of adenine protonation disrupting CA-mediated assembly. 

Overall, AFM imaging, DLS, CD and UV-Vis absorbance results reveal that d(An) 

assembly is mediated by CA in a unique fashion, giving rise to a structure with features distinct 

from the previously reported poly(A) duplexes that form in acidic conditions. 

 

 
Figure 2.7| Effect of pH on CA-mediated assembly of d(A15). CD spectra for d(A15) in the presence of 10 mM (a) 

and 0 mM (b) CA in a pH range (pH 3, 4, 5, 6, 7 and 8). c) Thermal denaturation curves for d(A15) in the presence of 

10 mM CA in the same pH range, obtained by CD (monitored at 266 nm for pH 3 and at 252 nm for all other samples). 

pH is controlled by a Tris-acetate magnesium (TAMg) buffer; pH 3 (grey traces), pH 8 (blue traces), pH 4 – 7 (traces 

in shades of red). 
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2.2.2 Investigation of fiber structure 

The ability of a small molecule to mediate hydrogen-bonded interactions in water may 

seem counterintuitive, but is not unprecedented.50 Hud et al. demonstrated self-assembly of CA 

with hydrophilic derivatives of the hydrogen bonding molecule 2,4,6-triaminopyrimidine (TAP), 

a melamine analog, in water, including a monomeric TAP-ribose derivative.51 These mixtures 

produced hexameric rosettes that stacked into long fibers with a similar diameter to the d(An):CA 

structure described here (as measured from AFM imaging and predictive calculations). 

Comparable to our studies, Hud et al. observed the absence of intermediates in the assembly 

process and ascribed this property to the large hydrophobic surface of the rosette (> 1 nm2) that 

imposes a high energetic cost (+ 27 kcal/mol) for its exposure to the aqueous solvent in 

intermediate structures. Furthermore, in the d(An):CA system, the adenine units are tethered by a 

phosphodiester backbone. This results in significant preorganization in the d(An) single strands,36 

which is expected to reduce the entropic cost of assembly.  

In contrast to melamine and TAP, adenine presents its hydrogen bond donor and acceptor 

groups on an asymmetric scaffold. As an initial step towards examining the geometry of interaction 

between adenine and CA, crystallization of an adenosine:CA complex was pursued. A single 

crystal of the 1:1 adenosine:CA complex was obtained from an equimolar mixture and the X-ray 

diffraction pattern was solved to reveal an alternating adenosine:CA tape structure (Figure 2.8). 

The experimentally determined structure, representative of the angles and distances between the 

interacting units, was used as a starting point for rudimentary geometrical modelling. By rotating 

adenosine locations by 120° around CA (i.e. moving them from one face to the next chemically 

identical face of CA), the nucleosides became perfectly aligned for formation of a hexameric 

rosette (Figure 2.8 b). This is consistent with the tendency of CA to form hexameric rosettes when 

assembled with melamine as well as TAP derivatives.6,39,40,51 The hydrogen bonding patterns and 

geometries in this model are preserved on a local scale, with only the symmetry operations having 

been modified. No other rosette structure can be constructed from these data. In this model the 

sugar units are perpendicular to the plane of the rosette, providing the foundations for a phosphate 

backbone, thus not prohibiting rosettes from stacking upon each other, if they were connected to a 

phosphate backbone as in an oligonucleotide. 
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Figure 2.8| X-ray structure of adenosine-cyanuric acid co-crystal. a) Asymmetric unit of the 1:1 CA:A crystal 

structure. Thermal ellipsoids shown at 50% probability. b) The geometric and hydrogen bonding requirements of the 

tape crystal components are also consistent with a hexameric CA:A rosette. 
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To verify that monomeric adenine is capable of forming rosette structures with CA in 

solution, we prepared deoxy-tetraisopropyldisiloxane-adenosine (TIPDS-dA) and hexyl-CA (Hex-

CA) derivatives and tested their assembly in toluene (Figure 2.9 a).52 The parent molecules dA 

and CA were modified with hydrophobic substituents for improved solubility in organic solvents. 

The bulky TIPDS group was appended to dA to favour formation of a closed structure, rather than 

oligomeric ribbons, upon assembly with Hex-CA. 

 
Figure 2.9| Assembly of TIPDS-dA and Hex-CA in toluene. a) Structure of TIPDS-dA and Hex-CA and illustration 

of hexameric rosette structure that could form in a 1:1 mixture of these molecules. The calculated Mw of the rosette 

would be 2121 g/mol. b) Measured V/c vs. c curves for sample Series 1-4 (left). Plot on the right shows a 

magnification of the Series 3 and 4 high concentration range with corresponding linear regression fits and associated 

equations. 

 

Vapor pressure osmometry (VPO) was used to study the products of interaction of a 1:1 

TIPDS-dA:Hex-CA mixture in a range of concentrations. The V/c vs. c (where V is the VPO 

response and c is concentration in g/kg) curves for the four series of measurements show 
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concentration-dependent self-assembly, with strong curvature at lower concentrations, suggesting 

a self-associating system (Figure 2.9 b, left). At higher concentrations (50-100 g/kg, equivalent to 

60-120 mM), the VPO response was fairly linear (Figure 2.9 b, right), which may suggest the 

formation of a well-defined species. However, at these concentrations, the VPO response is 

sensitive to drifting, such that the formation of oligomers of different sizes cannot be 

unambiguously ruled out. In addition, long equilibration times (up to 15 minutes) were required at 

higher concentrations, contributing to uncertainty on the absolute value of the signal. The 

molecular weight (MW) ranges calculated from Series 3 and Series 4 values were of 1 950 - 2 050 

g/mol and 2 040 - 2 100 g/mol respectively, based on the benzil and PS2500 standards. An average 

MW of 2 050 ± 150 g/mol can be estimated (VPO commonly carries an intrinsic 10% error in MW 

determination), which is well in line with the 2 121 g/mol MW expected for a 1:1 TIPDS-dA:Hex-

CA hexameric rosette.  

Furthermore, the 1:1 TIPDS-dA:Hex-CA mixture was investigated by variable temperature 
1H NMR spectroscopy (Figure 2.10). The spectrum for the 1:1 mixture (100 mM concentration in 

monomers) at 25 °C showed broad signals for the adenosine protons and the N-CH2 protons of 

Hex-CA (labelled α), with the NH protons of Hex-CA as the most downfield signals detected 

(Figure 2.10 b). With increasing temperature, signals became sharper and the NH protons of Hex-

CA as well as NH2 protons of TIPDS-dA moved upfield (NH: 13.60 to 11.82 ppm; NH2: 7.44 to 

6.82 ppm). In contrast, the differences in chemical shifts observed for TIPDS-dA alone in this 

temperature range were much smaller, except for the NH2 signal (5.44 to 4.87 ppm) (Figure 2.10 

c). These observations suggest hydrogen bonding between TIPDS-dA and Hex-CA in the 1:1 

mixture is disrupted at high temperatures. Due to the broad peak shape in the spectra for the 1:1 

mixture, it is not possible to unambiguously conclude whether a single closed structure or a mixture 

of oligomers are present in solution. 

Diffusion ordered NMR spectroscopy (DOSY) was used to address this uncertainty. The 

DOSY spectrum of an analogous 1:1 TIPDS-dA:Hex-CA mixture showed the formation of a single 

slow-diffusing species with a diffusion coefficient DMix = 2.74x10-10 m2/s, rather than a mixture of 

oligomers with different diffusion coefficients (Figure 2.11 a). The only other species identified 

in the sample is the solvent toluene. The diffusion coefficient for the TIPDS-dA monomer at the 

same concentration was DTIPDS-dA = 4.8x10-10 m2/s (Figure 2.11 b).  
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Figure 2.10| Variable temperature 1H NMR in toluene-d8 (temperature values: 25, 30, 35, 40, 45, 50, 60 and 80 

°C). a) Schematic representation of 1:1 TIPDS-dA:Hex-CA hexameric rosette. Blue: TIPDS-dA; red: Hex-CA (left). 

Zoom in of an asymmetric TIPDS-dA:Hex-CA unit shows proton labelling legend (right). b) 1:1 TIPDS-dA:Hex-CA, 

c) TIPDS-dA alone. 
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 Equation 2.153 was used to estimate the MW of the rosette based on known quantities: MW 

TIPDS-dA = 493.75 g/mol, DTIPDS-dA and DMix. Based on this equation, an estimated molecular weight 

range for the species in the mixture is between 1 520 and 2 665 g/mol. Given these observations 

and the VPO results, reporting a MW consistent with the rosette structure, it is possible to conclude 

that a hexameric hydrogen bonded rosette forms in a 1:1 TIPDS-dA:Hex-CA mixture. 

 √
𝑀𝑊 𝑇𝐼𝑃𝐷𝑆−𝑑𝐴

𝑀𝑊 𝑀𝑖𝑥

3
≤

𝐷𝑀𝑖𝑥

𝐷𝑇𝐼𝑃𝐷𝑆−𝑑𝐴
≤ √

𝑀𝑊 𝑇𝐼𝑃𝐷𝑆−𝑑𝐴

𝑀𝑊 𝑀𝑖𝑥
  (Equation 2.1) 

 
Figure 2.11| DOSY spectra in toluene-d8. a) 1:1 mixture of TIPDS-dA:Hex-CA, b) TIPDS-dA alone. Proton 

labelling as in the scheme illustrated in Figure 2.10 a. 
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Figure 2.12| Determination of CA:A stoichiometry by equilibrium dialysis. a) The equilibrium dialysis unit has 

two chambers separated by a dialysis membrane (dotted line). Initially, the sample side contains free d(A15) and the 

buffer side contains CA solution (in a range of concentrations). With time, CA equilibrates across the membrane and 

interacts with d(A15) on the sample side. At equilibrium, [CA]Free is equal on both sides, while the sample side contains 

an additional [CA]Bound. b) Binding curve displaying CA:A stoichiometry vs. [CA]Free within the CA mediated d(A15) 

assembly (n = 12, 95 % CL). 

 

Having demonstrated that modified adenosine and CA monomers are capable of forming 

hexameric rosettes in an organic medium, the native poly(A):CA assembly was re-examined in 

aqueous solution. In order to determine CA:A stoichiometry in the CA:d(An) structure, equilibrium 

dialysis experiments were carried out.54,55 In this method, a macromolecule and small molecule 

ligand are separated by a dialysis membrane, permeable only to the small molecule in two 

chambers of equal volume. In this particular case, the sample chamber initially contained d(A15), 

and the concentration of CA in the buffer chamber was varied. (Figure 2.12 a). With time, CA 

diffused across the membrane and assembled with d(A15). Once assembly and equilibration were 

complete, the [CA]Free was the same on both sides of the membrane, with the sample chamber 

containing an additional amount of CA that participated in assembly with d(A15) as [CA]Bound. The 

contents of both chambers were analyzed by high performance liquid chromatography (HPLC) 

and the integrated area under the CA peak was used to calculate [CA]Free and [CA]Bound which were 

then used to determine CA:A stoichiometry and build a binding curve (Figure 2.12 b). The curve 

revealed CA:A saturation at 1, consistent with a 1:1 CA:A ratio in the structure. A complication 

of the equilibrium dialysis experiment is that CA binding to d(A15) is coupled to a structural change 
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of the single-stranded DNA into a new assembly, as well as its elongation into fibers.33 This 

experiment is different from binding studies of small molecules with double stranded DNA, in 

which the duplex structure is relatively maintained throughout the dialysis experiment.56 The error 

bars associated with the data points (despite 12 repetitions of the experiment) are likely the result 

of these complications, and also arise from precipitation of growing assemblies and adhesion of 

mixture components to surfaces of the dialysis chamber. 

Additionally, confirmation that both the Watson-Crick and Hoogsteen faces of adenine 

participate in CA-mediated assembly in solution, and thus, that a closed 1:1 CA:A structure can 

form, was pursued. An oligonucleotide, d(deaza-A12), composed of adenine analog 7-

deazaadenine bases, which lack the hydrogen bonding N7 atom, thus eliminating the Hoogsteen 

binding face of adenine, was synthesized. The d(deaza-A12) strand, incubated with 15 mM CA 

(TAMg pH 4.5 and 6), did not display the change in CD signal characteristic with CA-mediated 

assembly. At pH 4.5 (below the 5.3 pKa of 7-deazaadenine) the spectrum remained unchanged, 

whereas at pH 6, it showed features reminiscent of Z-DNA (Figure 2.13).42 In both pH conditions, 

the spectral features were distinct from those observed for CA-mediated assembly of d(An) 

suggesting that both hydrogen bonding faces of adenine are indeed required for CA-mediated 

assembly. 

 
Figure 2.13| CD spectra for d(A12) (left) vs. d(deaza-A12) (right). Spectra obtained at pH 4.5 and pH 6, either with 

0 mM CA or 15 mM CA. 
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Based on the VPO and DOSY studies with modified monomeric adenosine and CA units 

in toluene, the 1:1 CA:A ratio in the CA-mediated structure of d(A15) in aqueous solution 

determined by equilibrium dialysis, the participation of both the Watson-Crick and Hoogsteen 

faces of adenine in CA-mediated assembly and AFM height measurements, a hexameric CA:A 

rosette which leads to the growth of d(An) triplex fibers is the proposed structure for CA-mediated 

d(An) assemblies (Figure 2.14). 

 
Figure 2.14| Proposed 1:1 CA:A hexameric rosette structure leading to d(An) triplex formation. 

 

To further examine possible strand orientations and potential alternative molecularity for 

the assembly (a tetrameric rather than hexameric structure), a preorganized, intramolecular test 

system incapable of fiber elongation was designed. In this system, either two or three d(A10) 

regions are spatially tethered into position using clipping duplexes. These clipping strands are 

linked to each of the poly(adenine) regions via a hexane-diol spacer to alleviate any potential 

structural strain that might occur during the self-assembly process (Figure 2.15 a). The flanking 

DNA duplexes template four distinct d(A10) environments (Figure 2.15 b): (i) 3 parallel strands 

(TP); (ii) 3 antiparallel strands (TA); (iii) 2 parallel (DP) and (iv) 2 antiparallel strands (DA). 

d(CA10C) was used as a non-preorganized control strand, termed “Free d(A10)”.  DLS results 

showed that, in contrast to “Free A10”, TP did not undergo aggregation in the presence CA (Table 

2.2 in section 2.4.19). CD spectra for constructs in the presence of CA showed both features for 

duplex DNA and the d(An):CA distinct peaks. 
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Figure 2.15| Preorganized system to study potential strand orientation and alternative molecularity for CA-

mediated assembly. a) Clipping duplex regions are used to preorganize d(A10) regions. Hexanediol spacers separate 

the duplex portions from the poly(A) stretches. b) Four different poly(A) microenvironments are created by the 

preorganized system: TP (3 parallel strands), TA (3 antiparallel strands), DP (2 parallel strands) and DA (2 antiparallel 

strands). c) Thermal denaturation followed by UV-Vis spectroscopy (TA construct shown) with 0 (blue) or 10 mM 

(red) CA. Denaturation of the preorganized d(A10) regions interacting with CA (TM1) is independent of the melting of 

duplex portions which occurs at a higher temperature (TM2 and TM). d) Comparison of TM (white) and FWHM (grey) 

values for the preorganized systems compared to “Free A10”. e) and f) Evaluation of statistical significance of 

differences between the thermal denaturation results for different preorganized constructs Tables of p-values 

comparing pairs of constructs; (e) TM values and (f) FWHM values. Values in bold type (p > 0.05) are for pairs that 

are not statistically different.  
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Thermal denaturation of the constructs was monitored by CD and UV-Vis at 252 nm, a 

wavelength that tracks both the d(An):CA and duplex environments. Two distinct melting 

transitions were noted, the first for the d(An):CA structure, and the second for the DNA duplexes 

at the extremities of the structure (Figure 2.15 c, TM1 and TM2). The separation between the TM 

values enables the analysis of the designed poly(A) environments. While TM is a reflection of the 

stability of the structure, full width at half maximum (FWHM), determined from the peak of the 

derivative of the melting curve, illustrates the cooperativity of the melting transition. Of the four 

environments, TP had the highest TM that was also closest to the TM of CA-mediated assembly of 

“Free A10”, whereas the DA construct showed the lowest TM value (Figure 2.15 d). TA and DP 

had intermediate and decreasing TM values (TM TA > TM DP). Although the TM values for the various 

preorganized constructs are numerically close, statistical analysis shows that differences between 

them are indeed significant (Figure 2.15 e). Additionally, for FWHM values, those for the parallel 

constructs and “Free A10” overlap, pointing to a similarity in cooperative behaviour between these 

systems (Figure 2.15 f). These observations agree with the proposed triplex-forming rosette 

structure, and suggest that invoking a structure of molecularity higher than a triplex to explain the 

thermal denaturation results for free d(A10) is unwarranted. 

 

2.2.3 Probing the versatility of CA-mediated assembly 

We have uncovered the assembly of d(An) with CA and examined its underlying structure. 

We could then propose a hexameric CA:A hydrogen-bonded array as the base unit that brings 

about the formation of a poly(A) triplex. A look at this assembly motif using modified components 

was next sought in order to probe its versatility. Poly(A) strands with alternate backbones, small 

molecule CA-analogs and biotin-modified d(A15) replaced standard d(An) and CA to examine the 

consequences of these substitutions on assembly and the potential applications of the nanomaterial 

produced. 

Initially, nucleobase oligomers with alternative backbones were examined. The interaction 

of CA with A15 RNA (r(A15)) (TAMg pH 4.5) was studied by CD. In the presence of 15 mM CA, 

the CD spectrum for r(A15) acquired the same features as those characteristic of d(A15) assembly 

with CA (Figure 2.16 a) and had similar thermal denaturation properties. In the absence of CA at 

this pH, RNA has a stronger tendency than DNA to form a parallel homoduplex,36,47 as evidenced 
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by a positive peak in the 250-300 nm region in the CD spectrum. Thermal denaturation of r(A15) 

with CA was similar to that of d(A15), but slightly broader and shifted to a lower TM (Figure 2.16 

b).  AFM imaging of r(A15) with CA in solution showed extensive formation of fibers (Figure 2.16 

c), as in the case of d(A15) under similar conditions. With its numerous biological functions and 

diverse self-assembly motifs, RNA is emerging as another exciting nucleic acid building block.57-

59 In addition, messenger RNA (mRNA) in eukaryotic cells has a 3’-poly(A) tail composed of 

~200-300 adenosine residues.60,61 This tail is essential for mRNA translation and plays an 

important role in its stability and maturation. As polyadenylation is an important step in the 

production of mature messenger RNA, CA-mediated poly(A) assembly can potentially find 

applications in probing or modulating protein expression.  

 
Figure 2.16| CA-mediated assembly r(A15). a) CD spectra of d(A15) (left) and r(A15) (right) with 0 (blue) or 15 (red) 

mM CA in TAMg at pH 4.5. b) Thermal denaturation of d(A15) (black) and r(A15) (grey) with 15 mM CA obtained 

by CD (monitored at 252 nm). c) AFM imaging of r(A15) with 15 mM CA in fluid.  
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Peptide nucleic acid (PNA), is an uncharged, achiral nucleic acid analog. The assembly of 

PNA A7 (p(A7)) with CA was monitored by UV-Vis spectroscopy, as PNA does not have a CD 

signature. Upon addition of CA to p(A7) (in water or TAMg pH 4.5), a hypochromic effect and 

slight red-shift were observed for the nucleobase signal at 260 nm (Figure 2.17 a). Short fibers, 

mostly around 100 nm in length and 2.0 ± 0.1 nm in height were observed by AFM (Figure 2.17 

c). On the whole, the assembly of poly(A) DNA, RNA and PNA can be robustly achieved with the 

simple external addition of CA to the system, and produces long-range fibers of uniform, well-

defined structure. 

 
Figure 2.17| CA-mediated assembly p(A7). a) UV-Vis absorbance spectra of d(A7) (left) and p(A7) (right) with 0 

(blue) or 18 (red) mM CA. d(A7) in TAMg pH 4.5; p(A7) in TAMg at pH 4.5 and in H2O (lighter shades of blue and 

red). b) Thermal denaturation of d(A15) (black) and r(A15) (grey) with 15 mM CA obtained by UV-Vis absorbance 

(monitored at 260 nm). c) AFM imaging of d(A7) (left) and p(A7) (right) with 18 mM CA in fluid.  

 

Furthermore, d(A15) assembly was screened with several CA analogs, to potentially expand 

the library of small molecules capable of mediating poly(A) assembly. The library included the 
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following molecules: triethylene glycol CA (TEG-CA), propyl-CA (pr-CA), uracil (U), thymine 

(T), uric acid (UA), xanthine (X), barbituric acid (BA), glycine anhydride (GA) and 5,6-

dihydrouracil (DHU) (Figure 2.18 a). CA was initially of interest for assembly with poly(A) due 

to its three symmetric sides presenting hydrogen bond donor-acceptor motifs similar to T. TEG-

CA and pr-CA were synthetically modified CA analogs, where one hydrogen-bond donating 

nitrogen is substituted with triethylene glycol or a propyl chain respectively to mask one binding 

face. U and T are pyrimidines and natural A-binders that have two binding faces. UA and X are 

purines with multiple binding faces. BA, GA and DHU are CA analogs with only two binding 

faces and, as they contain sp3 carbons, do not present a flat π-surface. These molecules have a 

range of pKa values and solubilities. 

 
Figure 2.18| Screening for small molecule-mediated assembly of d(A15). a) The library of small molecules used in 

the screening. b) UV-Vis absorbance spectra for d(A15) alone (blue) and in the presence of a small molecule. The 

absorbance of BA (green), T (yellow), U (purple), UA (black) and X (light blue) is much higher than the absorbance 

of d(A15), which prevents analysis of these molecules by CD. c) CD spectra for d(A15) with CA, TEG-CA, pr-CA, GA 

and DHU (non-absorbing analogs). 
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Figure 2.19| AFM images of d(A15) in the presence of CA analogs in air. Top row: Phase images for d(A15) with 

TEG-CA, U and GA. Second row: Topography images of the same sample regions depicted in the top row (TEG-CA, 

U and GA). Third and fourth rows: Topography images of d(A15) with UA, T, BA, pr-CA, DHU and X. Scale bar: 

500 nm. 
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An advantage of studying CA-mediated assembly of d(An) is that CA absorption of UV 

light does not overlap with the absorption profile of nucleic acids, which has a maximum around 

260 nm. In contrast, CA analogs U, T, UA, X and BA are all highly absorbing in this region, which 

prevents the study of their assembly with d(A15) by UV-Vis spectroscopy (Figure 2.18 b). As the 

CD signal also depends on absorption, these molecules cannot be studied by CD spectroscopy 

either, as their absorption (since they are present in large excess) oversaturates the spectrometer’s 

photomultiplier detector, completely masking any features of the d(A15) CD spectrum with noise. 

The UV-Vis and CD traces for d(A15) with TEG-CA, pr-CA, GA and DHU (which are not 

absorbing in the same region as DNA), remain unchanged compared to d(A15) alone, such that 

assembly cannot be detected by these methods. 

Although investigation of CA-analog-mediated assembly of d(A15) in solution was not 

fruitful, AFM studies in air did indicate that interactions with some of the analogs lead to fiber 

formation upon drying of the mixture on a mica surface. In the presence of TEG-CA, GA and UA, 

long fibers could be detected, whereas with U, rod structures were observed (Figure 2.19). Images 

for pr-CA, T, X, BA or DHU did not show organized assembly, although with T, small structures 

organized in patterns were observed. The influence of drying effects may have an impact on the 

features observed in all imaging in air. Oddly, interaction with TEG-CA or GA does not have an 

effect on the UV-Vis or CD spectra of d(A15), although fibers are detected in the presence of these 

molecules by AFM in air. The increasing concentrations of materials achieved with sample drying 

on the surface and surface interactions may have a bearing on the assembly process. In summary, 

there is potential in studying CA-analog-mediated assembly of d(An) as some small molecules in 

the library mediate fiber formation once dry on a surface, however, studies in solution are 

complicated by the absorbance properties of these molecules. 

To probe whether the CA-mediated d(A15) fibers can act as templates for the organization 

of other materials, CA-mediated assembly of 5’-biotinylated d(A15) (B-d(A15)) and unmodified 

d(A15) mixtures (TAMg pH 6) at different molar ratios and surface loading were tested. The 

presence of a biotin modification did not alter fiber formation, as shown by AFM in solution. 

Addition of biotin-binding protein streptavidin (STV) in stoichiometric excess of 100% labelled 

B-d(A15) fibers visibly altered the fibers, resulting in fiber bundling, as evidenced in the increased 

height of the topography features (Figure 2.20 a). Fiber bundling is most likely a consequence of 
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STV molecules, which have four biotin-binding sites, interacting with biotin moieties on adjacent 

fibers.  

 
Figure 2.20| STV binding to CA-mediated fibers of B-d(A15):d(A15) mixtures studied by AFM in solution. (Left) 

before STV addition; (Center) after STV addition; (Right) zoomed-in features of interest. a) 7.5x sample dilution, 

100% B-d(A15) fibers, addition of 7:1 stoichiometric excess of STV: B-d(A15). b) 7.5x sample dilution, 25% B-d(A15) 

fibers, addition of 7:1 stoichiometric excess of STV: B-d(A15). c) 50x sample dilution, 50% B-d(A15) fibers, addition 

of 10:1 stoichiometric excess of STV: B-d(A15). d) 7.5x sample dilution, 0% B-d(A15) fibers, addition of 10:1 

stoichiometric excess of STV:d(A15). Arrow on middle image indicates area of bare mica where STV molecules have 

settled on the surface. Zoom in shows the same region before and after STV addition. 
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With lower ratios of B-d(A15):d(A15) (25% B-d(A15), Figure 2.20 b) or with sample dilution 

(reduced loading) (50 times sample dilution, 50% B-d(A15), Figure 2.20 c), individual STV 

molecules could be detected on the fibers. With STV addition to unlabelled CA-mediated 

assemblies of d(A15) (25% B-d(A15), Figure 2.20 d), no accumulation of protein was detected on 

the fibers. Instead the protein landed on bare mica areas between the fibers. With the addition of a 

large STV excess, imaging quality quickly degraded (likely due to the imaging probe’s interactions 

with STV in solution), explaining increased noise in the image and loss in imaging resolution after 

STV addition. This experiment demonstrated that CA-mediated d(An) fibers can be decorated with 

STV, a step toward organization of biotinylated functional components on the nanofibers. 

 

2.3 Conclusions 

The work presented in this chapter tracks the discovery that cyanuric acid (CA), a small 

molecule with three thymine-like faces, can induce the assembly of unmodified poly(adenine) 

strands into a new non-canonical motif. This results in the growth of supramolecular fibers microns 

in length. The assembly is solution-based and the resulting fibers are consistent and abundant, as 

determined by AFM (in air and in solution) and DLS. CD spectroscopy reveals spectral features 

distinct from both B-DNA and previously reported poly(A) duplexes. Investigations into fiber 

structure support a proposed hexameric rosette, hydrogen-bonded, 1:1 CA:A array as the 

underlying assembly motif. AFM height measurements, assembly experiments with monomeric 

adenine, equilibrium dialysis, and elimination of a binding face of adenine by using an analog all 

support the formation of this motif, which brings about the formation triplex composed of d(An) 

strands. This phenomenon is observed for adenine oligomers with DNA, RNA, and PNA 

backbones and allows for functionalization of the oligonucleotide with another moiety.  

This study has important consequences in a number of areas. The method described 

represents a facile way to create new nucleic acid-based nanomaterials. The CA-mediated 

nanofibers described here can be generated in large quantities. These structures are made from 

inexpensive and biocompatible units and are stable over a range of pH values. The CA-mediated 

poly(A) fibers may have interesting applications in tissue engineering and drug delivery. Our 

method introduces a new orthogonal interaction to the nucleic acid-based nanomaterial toolkit, 

expanding the 4-letter DNA alphabet in the process. Furthermore, guest-induced assembly of DNA 
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strands by a small molecule with multiple hydrogen bonding faces may be relevant in chemical 

biology. Long poly(A) strands are added to messenger RNA before its translation to a protein and 

poly(purine) stretches in general are biologically important.62-64 Finally, the fact that a small 

molecule such as CA can organize poly(A) strands into long-range supramolecular polymers in 

aqueous media may have implications in prebiotic chemistry, specifically in answering the 

question of how individual nucleobases originally assembled onto a nucleic acid polymeric 

backbone.   

 

2.4 Experimental 

2.4.1 Materials 

CA, tris(hydroxymethyl)aminomethane (Tris), magnesium chloride hexahydrate (MgCl2·6 

H2O), sodium chloride (NaCl), glacial acetic acid, urea, ethylenediaminetetraacetic acid (EDTA), 

formamide, ammonium hydroxide, Stains-All, trimethylamine, HPLC grade acetonitrile (MeCN) 

and toluene-d8 were used as purchased from Sigma-Aldrich. Boric acid, hydrochloric acid (HCl) 

and GelRed were obtained from Fisher Scientific and used as supplied. Acrylamide/bis-acrylamide 

(40% 19:1) solution, ammonium persulfate and tetramethylethylenediamine (TEMED) were used 

as purchased from BioShop Canada Inc. Sephadex G-25 (super fine, DNA grade) was purchased 

from Glen Research. Streptavidin (STV) was purchased from Invitrogen.   

Unless otherwise indicated, desalted DNA oligonucleotides were purchased from 

Integrated DNA Technologies (IDT) and used without further purification. A15 RNA 

oligonucleotide was purchased from IDT with reverse phase HPLC purification. A7 PNA was 

purchased from Panagene (Korea). 

For in-house DNA synthesis, the reagents and materials listed below were used. Anhydrous 

acetonitrile, dA-CE, dC-CE, dmf-dG-CE, and dT-CE phosphoramidites, nucleoside derivatized 

and universal 1000 Å LCAA CPG pre-packed columns (loading densities of 25-40 µmol/g), 

activator (0.25 M ETT in acetonitrile), oxidizer (0.02 M I2 in THF/pyridine/H2O), Cap A mix 

(THF/lutidine/Ac2O), Cap B mix (16% MeIm in THF), and deblock solution (3% DCA/DCM) 

were used as purchased from BioAutomation. 7-deaza-dA-CE phosphoramidite was purchased 
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from Glen Research. Reverse 3'-DMT deoxy adenosine (n-bz) 5'-CED and DMT-hexane-diol 

phoaphoramidites were purchased from ChemGenes. 

Muscovite Ruby mica sheets (grade 2) were used as substrate for all AFM imaging studies. 

1xTBE (Tris-boric acid-EDTA) buffer was composed of 45 mM Tris, 45 mM boric acid and 2 mM 

EDTA at pH 8.3. 1xTAMg buffer was composed of 40 mM Tris, 7.6 mM MgCl2·6 H2O with pH 

adjusted to the desired value (3, 4, 4.5, 5, 6, 7, and 8) with glacial acetic acid. All buffers were 

prepared with Milli-Q water and samples were prepared with autoclaved Milli-Q water.  

 

2.4.2 Instrumentation 

UV-Vis DNA quantification measurements were performed on a BioTek Synergy HT 

microplate reader or a Nanodrop Lite spectrophotometer from Thermo Scientific. Circular 

dichroism (CD) and UV-Vis studies were performed using a 1 mm path length quartz cuvette on 

a Jasco-810 spectropolarimeter equipped with a xenon lamp, a Peltier temperature control unit and 

a water recirculator. A Mermade MM6 DNA synthesizer from Bioautomation was used for in-

house DNA synthesis. Gel electrophoresis experiments were carried out on a 20 x 20 cm vertical 

acrylamide Hoefer 600 electrophoresis unit. Thermal annealing procedures were carried out using 

an Eppendorf Mastercycler Pro 96 well thermocycler. All pH measurements were performed on a 

Thermo Scientific Orion 3-Star Plus pH meter using a Mettler Toledo InLab Ultra-Micro 

combination pH electrode. Electrophoresis gels were scanned with either a CanoScan 4200F 

scanner by Canon or a Chemidoc MP Imaging System from BioRad. Equilibrium dialysis was 

performed using single use DispoEquilibrium Dialyzers (5000 Dalton molecular weight cutoff) 

from Harvard Apparatus. Reverse phase HPLC (RP-HPLC) analysis was conducted using a 

Hamilton PRP-1 column (150 mm x 4.1mm, 100 m particle size) on an Agilent Infinity 1260 

system. 

 

2.4.3 General procedures 

 Unless otherwise indicated, the following general procedures were used. Samples were 

thermally annealed using a 50  5 protocol (50 °C for 10 minutes, followed by cooling to 5 °C at 
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a rate of 0.5 °C/min) and incubated overnight at 5 °C prior to any measurements. CD and UV-Vis 

spectra were obtained at 5 °C (230 nm to 350 nm range, 100 nm/min scan rate, 1 nm bandwidth, 

2 accumulations). Ellipticity data (θ) obtained by CD were converted to molar ellipticity [θ], using 

Equation 2.2, where c is the molar concentration of DNA strands and l is the path length (in cm). 

In some cases, UV-Vis absorbance values were converted to molar absorptivity ε in the interest of 

comparing samples obtained at different DNA concentrations. Thermal denaturation of assemblies 

was recorded by following CD and UV-Vis signals at 252 nm over the 5 to 60 °C temperature 

range at 0.5 °C intervals, with a heating rate of 1 °C/min.  The CD and UV-Vis melting data were 

converted to fraction of bases assembled (f) vs. temperature using Equation 2.3, where S is the 

signal at a given temperature, SA is the signal for assembled d(An) species and SF is the signal for 

free d(An) in solution. The melting temperature values (TM) reported represent the temperature at 

which half-dissociation (fraction assembled f = 0.5) was recorded. First derivatives of the CD 

signal versus temperature curves were generated to verify the TM. The values determined from 

both methods differed by less than 1.0 °C. FWHM was determined from the first derivative peak. 

 [θ] = 100 θ
𝑐 𝑙⁄   (Equation 2.2) 

 𝑓 =  
𝑆 − 𝑆𝐹

𝑆𝐴 − 𝑆𝐹
⁄  (Equation 2.3) 

 

2.4.4 Atomic force microscopy (AFM) imaging in air 

Samples and controls were prepared in water and had a total volume of 5 µL for deposition 

on mica. The sample composition was 0.1 nmol d(A15), 10 mM CA and 5 mM NaCl (measured 

pH 4.5). The pH-adjusted control in the absence of CA was prepared by combining 0.1 nmol d(A15) 

with 5 mM NaCl and adjusting the pH to 4.5 with HCl. The control in the absence of d(A15) 

contained 10 mM CA and 5 mM NaCl (measured pH 4.5). Samples were incubated at ambient 

temperature for 30 minutes before deposition on freshly cleaved mica and left at 5 °C 4-6 hours. 

They were then placed in a desiccator and dried under vacuum overnight. 

AFM imaging was carried out under ambient conditions in air using a Multimode 3 

scanning probe microscope and Nanoscope IIIa controller (Digital Instruments, Santa Barbara, 

CA). Topography and phase contrast were simultaneously acquired in tapping mode with silicon 

probes (AC160TS from Olympus, nominal spring constant 42 N/m, resonant frequency of 300 
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kHz and tip radius < 10 nm). All images were captured at a 1 Hz scan rate and a resolution of 512 

x 512 pixels.  

 

2.4.5 AFM imaging in solution 

Samples contained 10 µM d(A15), 7.6 mM MgCl2 and 10 mM CA. The samples were 

filtered using a 0.45 µm nylon syringe filter prior to thermal annealing and overnight incubation 

at 5 °C. For imaging, a 5 µL drop of the sample was deposited on a freshly cleaved mica surface 

and incubated for 2 minutes followed by addition of 50 µL of filtered 10 mM CA solution with 

7.6 mM MgCl2 to the closed MTFML (Bruker, Santa Barbara, CA) fluid cell and imaging. 

Topography images were acquired by AFM carried out under ambient conditions using a 

MultiMode 8 microscope with a Nanoscope V controller (Bruker) in ScanAsyst mode. Silicon 

nitride levers with nominal spring constant of 0.7 N/m, resonant frequency of 150 kHz and tip 

radius < 20 nm were used (ScanAsyst Fluid). All images were captured at a 1.11 Hz scan rate and 

a resolution of 512 x 512 pixels. Average fiber height was determined to be 2.0 ± 0.1 nm. 

 

2.4.6 Dynamic light scattering (DLS) 

 Samples contained 40 µM d(A15), 7.6 mM MgCl2 and 10 mM CA in water (pH 4.5). pH-

controlled samples containing d(A15) in the absence of CA (pH adjusted to 4.5 with addition of 

HCl) as well as controls in the absence of d(A15) were prepared in 1 mL volumes. All samples 

were prepared in triplicate, filtered through 0.45 µm nylon syringe filters and incubated at 5 °C 

overnight. 

DLS experiments were performed on a Brookhaven photon correlation spectrometer 

equipped with a BI9000 AT digital correlator. A Compass 315M-150 laser (Coherent 

Technologies, TX) was used at 532 nm as the incident light source. A refrigerated recirculator was 

used to control sample temperature. Autocorrelation functions were analyzed using the CONTIN 

algorithm. Borosilicate glass sample vials were purchased from Canadawide Scientific.  

For constant temperature measurements, temperature was maintained at 20 °C and samples 

were allowed to equilibrate at this temperature for 15 minutes before any data were collected. 
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Scatter intensity data was acquired for 10 minutes with the detector set at 30, 50, 70, 90, 110 and 

130° with respect to the incident light source. To obtain melting curves by DLS, scatter intensity 

was monitored while manually adjusting the temperature at a rate of 1 °C/min from 20 to 40 °C. 

 

2.4.7 Circular dichroism (CD) and UV-Vis absorbance spectra 

Samples containing 40 µM (A15), 10 mM CA and 200 mM NaCl were prepared in water 

(pH 4.5). A pH controlled sample containing d(A15) in the absence of CA (pH adjusted to 4.5 with 

addition of HCl) as well as a blank in the absence of d(A15) were prepared. All samples were 

incubated overnight at 5 °C. CD and UV-Vis spectra were obtained (200 nm to 350 nm range, 100 

nm/min scan rate, 1 nm bandwidth, 2 accumulations) at 20 °C. The samples were then thermally 

denatured at a rate of 1 °C/min following the CD signal at 252 nm and the UV-Vis signal at 260 

nm, at 0.5 °C intervals over the 20 to 40 °C range. 

 For the melting/annealing curves illustrating hysteresis, a sample containing 40 µM 

d(A15), 18 mM CA and 200 mM NaCl was prepared in water (pH 4.5) for an additional thermal 

denaturation study. The samples were incubated overnight at 5 °C and then thermally denatured at 

a rate of 0.5 °C/min following the CD signal at 252 nm, at 0.5 °C intervals over the 5 to 50 °C 

range. After a 5 minute equilibration at 50 °C, the sample was re-annealed at the same rate.  

 

2.4.8 Random sequence control 

Samples contained 40 µM of a random sequence DNA 20-mer control strand with no 

poly(adenine) stretches (RAN: 5’ – CTTCAGTGGCATCAAGACGT – 3’), 10 mM CA and 200 

mM NaCl, prepared in water (pH 4.5) along with a pH controlled samples containing RAN in the 

absence of CA (pH adjusted to 4.5 with addition of HCl), annealed and incubated overnight. CD 

and UV-Vis spectra were obtained (200 nm to 350 nm range, 100 nm/min scan rate, 1 nm 

bandwidth, 2 accumulations) at 5 °C.  
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2.4.9 Effect of counterions 

 Samples containing 40 µM d(A15) and 10 mM CA were prepared in water with various 

concentrations of either NaCl or MgCl2 added. For NaCl, the concentrations were: 5, 10, 20, 100, 

200, 450 mM. For MgCl2, the concentrations were: 0.05, 0.10, 0.25, 0.50, 1, 5, 10 and 20 mM. 

Samples were thermally annealed and incubated overnight. CD and UV-Vis spectra were obtained, 

followed by thermal denaturation. 

 

2.4.10 Effect of pH on CA-mediated d(An) assembly 

Samples containing 40 µM d(A15) and 10 mM CA were prepared in 1xTAMg buffer of pH 

3, 4, 5, 6, 7 and 8, annealed and incubated overnight. Controls with 0 mM CA were prepared in 

the same buffers. CD and UV-Vis spectra were obtained, followed by thermal denaturation. For 

the pH 3 samples, CD and UV-Vis signals were monitored at 266 nm instead of 252 nm (used for 

all other samples), due to a difference in CD signal maxima. 

 

2.4.11 Adenosine-cyanuric acid co-crystallization 

A single crystal of the 1:1 adenosine:CA complex was obtained by slow evaporation of an 

equimolar solution of the components in methanol. Single crystal X-ray diffraction data were 

collected using graphite monochromated Mo Kα radiation (λ = 0.71073 Å) on a Bruker APEX2 

diffractometer at room temperature. Series of ω-scans were performed in such a way as to cover a 

sphere of data to a maximum resolution of 0.77 Å. Cell parameters and intensity data (including 

inter-frame scaling) were processed, and the structure solution was obtained using the APEX2 

package. The structure was refined using full-matrix least-squares on F2 within the CRYSTALS 

suite.65 All non-hydrogen atoms were refined with anisotropic displacement parameters. The H 

atoms could be seen in the difference map, but those attached to carbon atoms were repositioned 

geometrically. Q-peaks for protic H atoms were confirmed by examining hydrogen bonding 

requirements. The H atoms were initially refined with soft restraints on the bond lengths and angles 

to regularise their geometry (C-H in the range 0.93-0.98 Å, N-H in the range 0.86-0.89 Å and 

isotropic displacement factors in the range 1.2-1.5 times Ueq of the parent atom), after which the 

positions were refined with riding constraints. After the construction of a stable, physically 
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reasonable model, the weights were optimised,66 leading to convergence of the refinement. IUCr 

CheckCIF/PLATON was used to validate the final structure. 

 

2.4.12 Synthesis of 1-hexyl-1,3,5-triazinane-2,4,6-trione (hex-CA) 

 
CA (2.14 g, 24.4 mmol, 3 equiv.) was suspended in 15 mL dry DMF under an inert 

atmosphere. 1-bromo hexane (1.34 g, 8.11 mmol, 1 equiv.) was added followed by K2CO3 (1.12g, 

8.11 mmol, 1 equiv.). The reaction mixture was heated at 60oC for 36 h. After the reaction was 

cooled at room temperature, ethyl ether was added and the solids were removed by filtration. The 

precipitate on the filter was washed several times with ethyl ether and the filtrate was concentrated 

under reduced pressure. The crude reaction mixture was purified by precipitation from hot 

hexanes. The cooling of the solution gave in time 400 mg of 1-hexyl-1,3,5-triazinane-2,4,6-trione 

(23 % yield). 1H-NMR (400 MHz, DMSO-d6) δH (ppm): 11.36 (s, 2H, C(O)NHC(O)), 3.6 (t, J=6.8 

Hz, 2H, N-CH2-CH2~), 1.48 (t, J=6.4 Hz, 2H, N-CH2-CH2~), 1.27 (s (broad), 6H, ~(CH2)3CH3), 

0.85 (t, J= 6.4 Hz, (CH2)3CH3). 13C-NMR (75.4 MHz, DMSO-d6) δC (ppm): 150.25, 149.05, 40.81, 

31.33, 27.69, 26.222, 22.41,14.31. 
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2.4.13 Synthesis of 2’-deoxy-3’,5’-O-(tetraisopropyldisiloxane-1,3-diyl)adenosine 

(TIPDS-dA)67 

 
2’-Deoxyadenosine (Sigma Aldrich, 99+ purity) (0.2 g, 0.80 mmol, 1 equiv.) was co-

evaporated twice with dry pyridine then dissolved in 4 mL dry pyridine under an inert atmosphere. 

To the resulting solution, 1,3-dichloro-1,1,3,3-tetraisopropyldisiloxane (0.28 g, 0.88 mmol, 1.1 

equiv.) was added dropwise and the reaction mixture was stirred at room temperature overnight. 

The reaction mixture was diluted with dichloromethane and extracted with saturated aqueous 

sodium bicarbonate. The organic phase was separated, dried over magnesium sulfate and 

concentrated under reduced pressure. The crude product was purified by column chromatography 

(silica, dichloromethane/methanol 19:1 (v:v)). The fractions with Rf = 0.22 were separated to give 

0.297 g of 2’-deoxy-3’,5’-O-(tetraisopropyldisiloxane-1,3-diyl)adenosine as a white solid (75 % 

yield). 1H-NMR (400 MHz, CDCl3) H (ppm): 8.32 (s, 1H, H-C2), 8.06 (s, 1H, H-C6), 6.30 (q, 1H, 

H-C1’), 5.85 (s(broad), 2H, NH2), 4.94 (q, 1H, H-C4’), 4.05 (q, 2H, H-C5’), 3.89 (m, 1H, H-C3’), 

2.69 (m, 2H, H-C2’), 1.05 (m, 28H, iPr) 13C-NMR (75.4 MHz, DMSO-d6) δC (ppm): 155.44, 

152.91, 149.04, 138.91, 120.22, 85.16, 83.15, 69.80, 61.75, 40.02, 17.15, 12.97. 

 

2.4.14 Vapor pressure osmometry (VPO) studies on TIPDS-dA:hex-CA assembly 

VPO measurements were carried out on a Knauer K-7000 vapor pressure osmometer 

calibrated with benzil (Mw = 210.23 g/mol) and polystyrene PS2500 (Mw = 2,500 g/mol, Mw/Mn = 

1.09) in HPLC grade toluene at 37 °C ± 2 °C. Two series of samples were initially prepared (Series 

1 and Series 2) by adding solvent to the two mixed TIPDS-dA and hex-CA solids (1:1 molar ratio), 

gentle sonication and very short gentle heating. Two more sample series (Series 3 and Series 4) 



119 

were later prepared from samples recovered from the VPO chamber (dried under high vacuum and 

re-dissolved in fresh solvent). A concentration range from 2.7 to 96 g/kg was covered, 

corresponding to up to 117 mM in monomers. Variable equilibration times were used to obtain a 

stable response from the instrument, with the longest equilibration times (up to 15 minutes) 

required at the highest concentrations. 

The MW of species in the sample mixture was determined using Equation 2.4, where KVP 

is a calibration factor determined from V/c vs. c curves obtained for standards of known 

molecular weight (KVP Benzil = 21,400 and KVP PS2500 = 22,000 under the given temperature, solvent 

and signal gain conditions) and b is the intercept for the linear extrapolation of the high-

concentration V/c vs. c sample response (Figure 2.9 b, right). 

 𝑀𝑊 = 𝐾𝑉𝑃/𝑏  (Equation 2.4) 

 

2.4.15 Temperature dependent NMR studies of TIPDS-dA:Hex-CA mixture 

1H-NMR spectra were acquired on a 500 MHz Varian VNMRS spectrometer equipped 

with a variable temperature unit with a dual broadband probe. A 100 mM 1:1 TIPDS-dA:Hex-CA 

mixture was prepared by dissolving pre-weighed solids in toluene-d8 followed by sonication and 

gentle heating. Some solid remained undissolved which may have contributed to line broadening 

in NMR spectra. TIPDS-dA in 100 mM concentration in toluene-d8 was used as a control. A Hex-

CA control was not prepared as solubility of the compound in toluene-d8 was not sufficient in the 

absence of TIPDS-dA. Spectra were obtained at 25, 30, 35, 40, 45, 50, 60 and 80 °C sequentially, 

with a 5 minute equilibration period at each temperature point. Subsequent cooling of the sample 

to 25 °C led to the recovery of the original spectra, demonstrating reversible structure formation. 

 

2.4.16 DOSY NMR of TIPDS-dA:Hex-CA mixture 

 The 100 mM samples of the 1:1 TIPDS-dA:hex-CA mixture and TIPDS-dA described in 

section 2.4.15 were used to obtain DOSY spectra. A 500 MHz Varian VNMRS spectrometer with 

a dual broadband probe was used to acquire the spectra at 25°C. The spectra were acquired with 

DgcsteSL sequence using a diffusion delay of 50 ms, using 10 values for the diffusion gradient 
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strength from 1 000 to 30 000. A recycle delay of 2 ms was used for the accumulation of 64 scans 

for each value of the diffusion gradient strength. Phase and baseline corrections were applied 

before generating DOSY spectra. 

 

2.4.17 Equilibrium dialysis 

 Equilibrium dialysis was used to establish the CA:A stoichiometry in the CA-mediated 

assembly of d(An). Equal volumes (25 µL) of d(A15) (40 µM) and CA (2, 3, 4, 4.5, 5, 5.5, 6, 6.5, 

7, 8, 10, 12 and 15 mM) were allowed to equilibrate at 4 °C for 24 hours with gentle agitation, 

separated by a dialysis membrane (5000 Dalton molecular weight cut-off). Both solutions were 

then analyzed by RP-HPLC (solvents: 50 mM TEAA pH 8 and acetonitrile; gradient: 5:95 

MeCN:TEAA for 5 minutes (min), 11 min gradient reaching 15:85 MeCN:TEAA, 2 min gradient 

reaching 95:5 MeCN:TEAA, 95:5, decrease to 5:95 over 2 min) to assess the equilibrium 

concentration of CA on either side of the membrane. The free concentration of CA, [CA]free, and 

the concentration of CA bound, [CA]Bound, were calculated based on the integrated area under the 

HPLC peak monitored by UV-Vis absorbance at 225 nm (retention time t = 1.52 min) (Figure 

2.21 a) and a previously obtained calibration curve based on CA absorbance (Figure 2.21 b). The 

stoichiometry of CA bound per A, CA:A was determined from [CA]Bound and the initial [d(A15)] 

at each CA concentration point. CA:A was plotted vs. [CA]Free to build a binding curve. The 

analysis was performed in triplicate in 4 separate experiments (n = 12) and all results were 

compiled. Error (CL 95%) is reported for both [CA]Free and CA:A. 
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Figure 2.21| CA:A stoichiometry determination from HPLC traces. a) Sample HPLC traces monitoring UV-Vis 

absorbance at 225 nm used to determine [CA]Free and [CA]Bound in both chambers. b) Calibration curve used to 

calculate amount of CA from integrated peak area from UV-Vis absorbance HPLC traces. 

 

2.4.18 7-Deazaadenine oligonucleotide assembly with CA 

 A DNA oligonucleotide composed of 12 7-deazaadenine bases (d(deaza-A12)) was 

synthesized in-house using 7-deaza-dA-CE phosphoramidite on a 1 µmol scale. Completed strands 

were deprotected in a 28 % ammonium hydroxide solution for 16 hours at 60 °C. d(A12) was 

purchased from IDT. Both strands were purified by PAGE under denaturing conditions (20 % 

polyacrylamide with 8 M urea, using 1xTBE running buffer) at constant voltage (30 mA, at 250 V 

for the first 30 minutes, followed by 1 hour at 500 V). Following electrophoresis, the bands of 

purified oligonucleotides were excised and recovered from the gel (crushed, covered with water, 

vigorously shaken, flash frozen with liquid nitrogen and kept in a 60°C water bath for 16 hours). 

The solutions were then dried down to 1 mL and desalted using size exclusion chromatography 

(Sephadex G-25). 
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Samples containing 12.5 µM d(deaza-A12) or d(A12) in pH 4.5 and pH 6 1xTAMg in the 

presence of 15 mM CA as well as controls free of CA were incubated overnight at 4 °C. CD spectra 

were obtained at 5 °C. 

 

2.4.19 Preorganized system with controlled strand orientation and molecularity 

DNA synthesis was performed in house on a 1 µmol scale, starting from the required 

nucleotide-modified solid support. Coupling efficiency was monitored after removal of the DMT 

5’-OH protecting groups. Strands Tri, AA, AB and B were synthesized using standard 

phosphoramidites in the 3’-5’ direction. For strand PA and PB, the mixed sequence portion and 

DMT-hexane-diol phosphoramidite coupling were carried out in the 3’-5’ direction, and synthesis 

of the d(A10) portion in the 5’-3’ direction was synthesized using reverse amidites. See Table 2.1 

for schematic strand representations and their full sequences. Completed sequences were cleaved 

from the solid support and deprotected as described in the previous section. 

 
Table 2.1| Sequences and schematic representations of intramolecular system strands and control duplexes. 

Hexane-diol spacers (H) were used to give the system flexibility to ensure unencumbered CA-mediated assembly of 

d(A10) segments. 
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 Assembly of preorganized constructs was carried out in 1xTAMg pH 4.5 buffer. The 

constructs giving rise to different poly(A) environments (TP, TA, DP and DA) were prepared by 

combining equimolar amounts of component strands as shown in Figure 2.22 a. The double 

stranded portions of the construct were annealed first (95 °C for 5 minutes, slow cooling down to 

4 °C over 4 hours). Quantitative construct formation was verified by 8% native PAGE, run at 5 °C 

with 1xTAMg pH 4.5 running buffer for 150 min at 250V (Figure 2.22 b). Upon addition of CA 

in 1xTAMg pH 4.5 up to a final concentration of 10 mM CA, the samples were subjected to another 

annealing protocol to allow the assembly of d(A10) portions with CA to take place (30 °C for 10 

minutes, followed by cooling to 5 °C at a rate of 0.5 °C/min). This annealing step was designed 

such that the maximum temperature was well below the denaturation temperature of the pre-

annealed dsDNA portions of the construct. Total d(A10) concentration in all samples was 10 µM, 

thus the final concentration of individual strands was 3.333 µM for triplex systems (TP and TA) 

and 5 µM for the duplex systems (DP and DA). A “Free A10” control was prepared by annealing 

10 µM d(CA10C) strand in 1xTAMg and 10 mM CA (30 °C for 10 minutes, followed by cooling 

to 5 °C at a rate of 0.5 °C/min). All samples were kept at 5 °C overnight before further studies 

were performed. Blanks containing only the random sequence duplex portions (aa’ and bb’) were 

prepared following the same procedures and subtracted from spectra obtained for full constructs.  

To confirm that preorganized constructs do not show aggregation due to CA-mediated 

assembly of poly(A) segments, DLS experiments were carried out using a DynaPro™ Instrument 

from Wyatt Technology on TP and “Free A10” with 0 or 10 mM CA. Samples were filtered through 

a 0.2 m nylon filter before annealing (using the method described above). A cumulants fit model 

was used to calculate the particle size in the sample (assumes spherical objects). 

 CD and UV-Vis spectra were obtained for TP, TA, DP and DA and “Free A10” to assess 

CA-mediated assembly based on the presence of the characteristic negative peak at 252 nm in the 

CD spectrum. The samples were then thermally denatured at a rate 0.5 °C/min, following the CD 

signal at 252 nm and the UV-Vis signal at 260 nm at 0.5 °C intervals from 5 to 60 °C. Error 

intervals for the triplicate measurements were calculated at 95% confidence. Statistical 

significance of the melting experiment results was assessed by examining p-values obtained from 

an unpaired t-test analysis of TM and FWHM values for the different constructs (calculated using 

GraphPad QuickCalcs online software). 
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Figure 2.22| Assembly of preorganized constructs. a) Strand combinations giving rise to preorganized environments 

with different d(A10) strand number and orientation. The preorganized system can be used to place A10 stretches in 

four different environments: triplex parallel (TP), triplex antiparallel (TA), duplex parallel (DP) and duplex 

antiparallel (DA). Refer to Table 2.1 for the strand labels. b) 8% native PAGE of the preorganized constructs. Lane 

description from left to right: DA, DP, TA and TP. Loaded 0.01 OD260 total DNA per lane. 

 

 [CA] (mM) RH (nm) 

Free A10 
0 0.4 ± 0.2 

10 66.3 ± 9.6 

TP 
0 4.2 ± 0.3 

10 4.2 ± 0.5 
Table 2.2| Summary of mean hydrodynamic radii (RH) from DLS measurements. All samples were measured at 

least in triplicate (error CL 95%). 

 

2.4.20 r(A15) assembly with CA 

 Samples containing 40 µM r(A15) or d(A15) in 1xTAMg pH 4.5 in the presence of 0 and 15 

mM CA were incubated overnight at 4 °C. CD and UV-Vis spectra were obtained at 5°C, followed 

by thermal denaturation. 
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 A 1 µL drop of 1:40 diluted sample (using 1xTAMg pH 4.5 with 15 mM CA as diluent) 

was deposited on a freshly cleaved mica surface treated with a NiCl2 solution (20 µL of 20 mM 

NiCl2 solution deposited for 1 minute and dried with a stream of nitrogen gas) and incubated for 4 

minutes followed by addition of 80 µL of filtered 1xTAMg pH 4.5 with 15 mM CA to the fluid 

cell. Images were acquired as described in section 2.4.5. Average fiber height was measured to be 

2.1 ± 0.1 nm. 

 

2.4.21 p(A7) assembly with CA 

 Samples containing 10 µM of d(A7) or p(A7) were incubated overnight at 4 °C in 1xTAMg 

pH 4.5 in the presence of 0 or 18 mM CA. p(A7) was also prepared in water in the absence of 

counterions. UV-Vis spectra were obtained at 5°C, followed by thermal denaturation. 

AFM imaging was carried out in solution. A 1 to 3 µL drop of sample was deposited on a 

freshly cleaved mica surface with NiCl2 treatment (as described in section 2.4.20) and incubated 

for 2 minutes followed by addition of 75 µL of filtered 7.6 TAMg with 18 mM CA to the fluid 

cell. Images were acquired as described in section 2.4.5 with temperature maintained at 12 °C 

(using a mobile air conditioning unit with a large hose directed inside the noise isolation box 

housing the AFM instrument). 

 

2.4.22 Synthesis of 1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,3,5-triazinane-2,4,6-

trione (TEG-CA)68 

 
Cyanuric acid (2.0022 g, 15.51 mmol, 5.3 equiv.), 1-bromo-2-(2-(2-

methoxy)ethoxy)ethane (0.6663 g, 2.92 mmol) were dissolved in 35 mL dry DMF. Diisopropyl 

ethyl amine (DIPEA) (0.4906g, 3.796 mmol, 1.3 equiv.) was added drop wise and the reaction 

mixture was heated at 60 °C for 60 h. After the reaction was cooled at room temperature, the solids 
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were removed by filtration and the filtrate was concentrated under reduced pressure. To the 

residue, dichloromethane was added and the slurry was subjected to a second filtration. The 

halogenated solvent was removed and the residue was taken in hot hexanes. The cooling of the 

solution gave in time 60 mg of 1-(2-(2-(2-methoxyethoxy)ethoxy)ethyl)-1,3,5-triazinane-2,4,6-

trione (TEG-CA) (8% yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ (ppm): 3.38 (s, 3H, 

OCH3), 3.56 (t, J=3.6 Hz, 2H), 3.68 – 3.63 (m, 6H), 3.75 (t, J=5.2 Hz, 2H), 4.06 (t, J=5.2 Hz, 2H), 

9.57 (s, 2H, C(O)NHC(O)). 13C NMR (75 MHz, CDCl3) δ (ppm): 40.61, 59.04, 67.50, 70.06, 

70.39, 70.59, 72.00, 148.86, 149.72. 

 

2.4.23 Synthesis of 1-propyl-1,3,5-triazinane-2,4,6-trione (pr-CA)69 

 
Cyanuric acid (3.14 g, 24.4 mmol, 3 equiv.) and anhydrous K2CO3 (1.04 g, 8.13 mmol, 1 

equiv.) were suspended in dry DMSO (15 mL), and heated to 60 °C. N-propyl bromide (1 g, 8.13 

mmol, 1 equiv.) was added in one portion and sealed flask heated at 60 °C for 24 h. The reaction 

mixture was diluted with diethyl ether (50 mL) and washed with water (50 mL), then with brine 

(3 x 50 mL). Ether solution was dried with Na2SO4, and evaporated to approx. 10 mL. The product 

was precipitated with n-hexane as a white powder (279 mg, 20%).1H NMR (400 MHz, DMSO-d6) 

δ(ppm): 0.84 (t, J = 7.4 Hz, 3H), 1.46-1.58 (m, 2H), 3.56-3.61 (m, 2H), 11.39 (br. s, 2H). 13C NMR 

(100 MHz, DMSO- d6) δ (ppm): 11.4, 21.1, 42.4, 149.1, 150.3. 

 

2.4.24 Screening for d(A15) assembly with CA analogs 

The analog library included: Cyanuric acid (CA, pKa = 6.88), TEG-CA, pr-CA, thymine 

(T, pKa = 9.94), uracil (U, pKa = 9.5), uric acid (UA, pKa = 5.4, 11.3), xanthine (X, pKa = 7.4, 

11.1), glycine anhydride (GA, pKa = 11.73), 5,6-dihydrouracil (DHU, pKa = 11.73) and barbituric 

acid (BA, pKa = 4.01). UA and X stocks required addition of NaOH to promote dissolution. 
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Samples containing 10 µM A15 in pH 4.5 1xTAMg buffer (or unbuffered 7.6 mM MgCl2) and 10 

mM CA or analog were annealed (50 °C for 10 minutes, followed by cooling to 5 °C at a rate of 

0.5 °C/min) and incubated overnight at 5 °C. CD and UV-Vis absorbance spectra were obtained 

at 5 °C for samples with d(A15) and CA analog blanks. 

For AFM imaging a 5 µL drop of sample prepared as described above was deposited on 

freshly cleaved mica. Samples were left at 5 °C for 4-6 hours and later dried under vacuum 

overnight. For samples containing CA, TEG-CA, pr-CA, U, T, GA, DHU and BA, AFM imaging 

was carried out under ambient conditions in air using tapping mode as described in section 2.4.4. 

Imaging of samples containing UA and X was performed on a MultiMode 8 microscope with a 

Nanoscope V controller (Bruker) in ScanAsyst mode. Silicon nitride levers with a nominal spring 

constant of 0.4 N/m, resonant frequency of 70 kHz and a 2 nm tip radius were used (ScanAsyst 

Air). 

 

2.4.25 Streptavidin (STV) binding to biotinylated CA-mediated d(A15) fibers 

 HPLC purified, 5’-biotinylated A15 (B-d(A15)) was purchased from IDT. d(A15) was 

purchased from IDT and purified by PAGE. Samples containing either B-d(A15), d(A15) or a 

mixture of the two (B-d(A15):d(A15) ratios: 0:100, 25:75, 50:50, 75:25 and 100:0) were prepared 

with total DNA concentration of 5 µM and 18 mM CA in 1xTAMg pH 6, annealed and incubated 

overnight. 

For AFM imaging, a 1 µL drop of sample (sample dilution was also used to vary fiber 

coverage of the surface) was deposited on a freshly cleaved mica surface with NiCl2 treatment 

(described in section 2.4.20) and incubated for 2 minutes followed by addition of 80 µL of filtered 

1xTAMg pH 6 with 18 mM CA to the closed liquid cell. Images were acquired as described in 

section 2.4.5, with temperature maintained at 12 °C. STV was added either in stoichiometric 1:1 

amount with respect to biotin content in the sample or in large excess (>10:1), followed by 

immediate image acquisition. 
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3| Mechanisms and parameters 

underpinning cyanuric acid-mediated 

poly(adenine) assembly 

 

 
 

This chapter is composed of work published as “Reprogramming the assembly of 

unmodified DNA with a small molecule” by N Avakyan, AA Greschner, F Aldaye, CJ 

Serpell, V Toader, A Petitjean & HF Sleiman; Nat. Chem. 8, 368-376 (2016) (sections 

3.2.1-3.2.3), work towards “Mapping the energy landscapes of supramolecular 

assembly by thermal hysteresis” by RW Harkness V, N Avakyan, HF Sleiman and AK 

Mittermaier; Nat. Commun. 9, 3152 (2018) (section 3.2.5) and additional unpublished 

results (in sections 3.2.3, 3.2.4 and 3.2.5). 
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Contributions 

NA designed experiments, obtained all the experimental data used in this chapter, and 

performed analysis and interpretation of results. Prof. Anthony K. Mittermaier initiated the 

project aiming to use thermal hysteresis analysis to study supramolecular assembly mechanisms, 

provided research goals, experimental supervision, guided methodology development, data 

analysis and interpretation of results (results section 3.2.5 and experimental sections 3.4.10 

through 3.4.12). Robert W. Harkness, V developed the thermal hysteresis data analysis 

methodology, performed the calculations (experimental sections 3.4.10 through 3.4.12) and 

contributed to interpretation of results (section 3.2.5), while NA acquired all experimental data 

and contributed results interpretation. 

 

3.1 Introduction 

The discovery of CA-mediated assembly of unmodified d(An) strands into nanofibers was 

described in Chapter 2. The internal structure of the assembly is proposed to be composed of 

stacked hexameric rosette arrays, formed by hydrogen bonding association between CA and 

adenine residues in a 1:1 stoichiometry. The material generated through CA-mediated assembly 

of d(An) strands not only has a unique internal structure, its robust elongation into micron-long 

fibers encourages its investigation for application as a nanomaterial. 

CA-mediated assembly can be described as a supramolecular polymerization, or the non-

covalent assembly of molecular building blocks into an extended 1D structure. Supramolecular 

polymers are ubiquitous in nature and have important biological functions. Cytoskeletal filaments 

such as actin or microtubules control cell shape and mechanics;1,2 fibers composing the 

extracellular matrix, including collagen, provide structural support to cells and tissues, as well as 

possess important adhesive and signalling properties;3,4 amyloid fibrils are famously involved in 

the development of neurodegenerative diseases such as Alzheimer’s, but can also be functional in 

some cases where their formation is tightly controlled;5,6 and protein filaments encase viral 

genomes to protect them.7  Inspired by natural systems and the desire to build materials with new 

advanced functions, over the last thirty years researchers have developed a large variety of 

rationally designed self-assembling building blocks capable of forming multiple types of 
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supramolecular polymers both in organic and aqueous environments.8,9 By nature of their non-

covalent formation, supramolecular polymers have many attractive properties such as adaptive 

behaviour, stimuli-responsiveness and hierarchical organization.9-11 Some of the common 

extended 1D morphologies for supramolecular polymers include random coils,12 and shape-

persistent highly organized architectures such as cylindrical aggregates,13 helical ribbons14,15 and 

nanotubes.16-18 The potential of using such assemblies as functional materials keeps expanding 

with the development of new structures and assembly methodologies. Promising areas of 

application for functional nanostructures based on supramolecular organization include bioactive 

fibrous scaffolds and hydrogels for tissue engineering and regenerative medicine,19,20 as well as 

semiconducting and photoconductive nanowires for advanced electronic devices.21,22 

Understanding the mechanisms of supramolecular polymerization is critical to the 

development of functional nanomaterials based on these systems. Properties such as polymer size 

distribution, robustness and stability to changing conditions in the medium of assembly are highly 

dependent on assembly mechanism, which itself is largely determined by monomer structure.8,23,24  

As changes in these properties affect the functionality of the material, and thus its applicability in 

a given setting, investigating the thermodynamic and kinetic aspects of assembly, as well as the 

influence of various parameters on them represents key insight in the development of functional 

materials. Isodesmic and cooperative growth are the two main mechanisms of supramolecular 

polymerization.25 From the point of view of thermodynamics, the isodesmic mechanism is 

described by a single association constant K, such that each monomer addition to the growing 

chain occurs with equal affinity and there is poor control of molecular weight distribution. The 

cooperative mechanism, often referred to as nucleation-growth, is characterized by two assembly 

phases: a nucleation phase which proceeds with an association constant Kn until a certain pre-

polymer length is reached, and an elongation phase, often triggered by structural changes in the 

nucleus, which proceeds with a more favorable association constant Ke.8,26 In systems exhibiting 

cooperative polymerization, parameters such as monomer concentration or temperature have a 

dramatic influence on assembly outcome. In addition, cooperative systems often exhibit kinetic 

effects such as thermal hysteresis, a lag in equilibration of forward and reverse reactions resulting 

from unmatched reaction rates due to a kinetic barrier such as homogeneous nucleation.8,27-30 In 

recent years, the kinetic aspects of supramolecular polymerization processes have come under 
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increased scrutiny, as there is untapped potential to achieve high levels of assembly outcome 

control by exercising kinetic control on the system.31-35 

Chapter 3 explores several aspects of the mechanism of CA-mediated fiber growth along 

with the parameters that influence the assembly process. Strand alignment within the fiber was 

examined by using a simple experiment based on the fluorescence energy transfer between two 

chromophores. Furthermore, through a series of spectroscopic studies where the concentrations of 

both assembly components, d(An) strands and CA, were systematically varied to influence the 

extent of assembly, the formation of CA-mediated products was shown to proceed following a 

cooperative, or nucleation-elongation, supramolecular polymerization mechanism. CA 

concentration emerged as a crucial parameter determining assembly outcome, as a threshold 

concentration was required to trigger fiber formation. The significant influence of CA 

concentration was also observed in its impact on thermal stability of CA-mediated d(An) structures. 

A second important parameter, d(An) strand length, also influenced thermal stability and, 

interestingly, multiple melting transitions were observed with strands longer than d(A15). The 

collection of observations regarding variations in CA concentration and d(An) strand length 

suggests that these parameters profoundly affect product distribution and thermal stability, and 

thus can be used to tune the properties of the CA-mediated nanofibers. 

A new data analysis methodology developed by Harkness and Mittermaier and harnessing 

a common property among supramolecular systems, thermal hysteresis, provided a deeper, 

quantitative representation of the supramolecular polymerization process. By analysing thermal 

hysteresis profiles obtained at a series of different melting and annealing rates, maps of monomer 

(d(An) strand) consumption rates with respect to monomer concentration and temperature with a 

high level of detail could be built. These maps then revealed effective reaction orders over a range 

of temperatures in a model-free manner. Global fitting of this ensemble of data to a cooperative 

polymerization mechanism model was used to determine nucleation and elongation rate constants, 

activation energies, and to build quantitative energy diagrams to describe the assembly pathway. 

This treatment revealed insights about nucleus molecularity and shed new light on the impact of 

CA concentration and d(An) length both on kinetic and thermodynamic aspects of the assembly 

process. 
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3.2 Results and discussion 

3.2.1 Assessment of strand alignment within nanofibers 

The first aspect of the mechanism of fiber formation to consider is the organization of d(An) 

strands within the structure. There are two potential strand arrangements in the long-range 

organization of short oligonucleotides into fibers (Figure 3.1). The first possibility is the end-to-

end π-stacking of finite structures (blunt-end stacking), driven by the tendency to bury the large 

hydrophobic surface of the CA:A rosette exposed at the blunt end of a fiber seed. The other 

possible mechanism presupposes a phase shift between the participating DNA strands during the 

growth process. The term ‘phase shift’ refers to staggered oligonucleotide assembly, producing 

overhangs that are further capable of recruiting strands and CA molecules and bringing them 

together longitudinally into fibers. This mechanism would be statistically favored, allowing for a 

variety of strand alignment conformations. 

 
Figure 3.1| Potential modes of oligonucleotide organization into fibers. Fiber growth can occur through π-stacking 

of blunt-ended constructs (left) or through the formation of staggered constructs where fiber growth is further mediated 

by the available strand overhangs (right). 

 

In order to examine the type of strand organization in CA-mediated fiber growth, an 

experiment based on fluorescence resonance energy transfer (FRET) was conceived. d(A20)-2F, a 

test d(An) strand labelled with a Cy3 dye at its 5’-end, and a Cy5 dye in the middle of the strand 

(after the 10th adenosine unit) (Figure 3.2 a), was designed. Depending on whether fiber growth 

proceeds via blunt-end stacking or staggered assembly, different FRET behaviors were predicted 

for the dye pair in d(A20)-2F upon CA-mediated assembly. Due to increased proximity between 

donor and acceptor molecules in the case of staggered assembly, FRET efficiency (ET) was 



139 

expected to be higher than in the case of blunt-ended stacking, where identical dye molecules 

would be positioned next to each other and the Cy3 and Cy5 dyes would remain separated by 10 

bases (Figure 3.2 a). To set benchmarks for the two possible cases, fluorescently labeled mixed 

sequence DNA duplexes, where the donor and acceptor molecules were preorganized in distinct 

blunt and staggered arrangements (Figure 3.2 b), were prepared as controls.  

 
Figure 3.2| Test system and control duplexes for determination of oligonucleotide alignment in CA-mediated 

d(An) assemblies. a) Schematic representation of dually dye-labelled strand d(A20)-2F and its potential FRET 

behavior upon CA-mediated assembly via blunt-ended stacking or staggered fiber growth. b) Schematic 

representations of fluorescently labeled strands composing the control duplexes preorganized to assemble into a blunt 

or a staggered construct.   

 
The dye modified test strand d(A20)-2F, as well as the strands composing the control 

duplexes (C, CB and CS) were characterized by denaturing polyacrylamide gel electrophoresis 

(PAGE) (Figure 3.3 a) and liquid chromatography electrospray ionization mass spectrometry (LC-

ESI-MS) (Figure 3.3 b). Furthermore, the assembly of the test duplexes was verified by native 

PAGE (Figure 3.3 c). The native gel confirmed the formation of a single discrete duplex for the 

blunt duplex control (Lane 1) and a range of products of different lengths for the staggered control 

duplex (Lane 2). Strand sequence design in the staggered duplex control allows polymerization of 

the construct by exposing complementary sticky ends, however the positioning of the dye 

molecules with respect to each other remains consistent regardless of the length of the assembly 

product. 
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Figure 3.3| Characterization of fluorescently labelled strands and control duplexes. a) Denaturing PAGE analysis 

of dye-labelled strands. Lane description: (1) d(A20)-2F, (2) C, (3) CB and (4) CS. b) Table listing expected MW of 

dye-labelled strands and their MW measured by LC-ESI-MS analysis. c) Native PAGE analysis of control duplex 

constructs. Lane description: (1) Blunt duplex (C + CB) and (2) Staggered duplex (C + CS) as illustrated on the right. 

 

Fluorescence emission spectra upon Cy3 excitation (λEx = 548 nm) were obtained for 

d(A20)-2F, as well as for blunt and staggered duplexes with and without added CA (Figure 3.4 a). 

The fluorescence spectra for both blunt and staggered duplexes indicate that the presence of 10 

mM CA does not alter the fluorescence response for these constructs. In the case of d(A20)-2F, the 

addition of 10 mM CA results in a drop in the fluorescence emission intensity across the whole 

spectrum, which could be attributed to fluorescence self-quenching with dyes coming in close 

proximity upon assembly. Similarly, self-quenching explains the magnitude of the fluorescence 

signal for the control duplexes which drops compared to the signal magnitude observed for single 

strands. The distinctive negative peak at 252 nm in the CD spectrum for d(A20)-2F with 10 mM 

CA confirms that the dye modified strand undergoes CA-mediated assembly (Figure 3.4 b, left). 

Furthermore, the spectra for the control duplexes are not affected by CA addition (Figure 3.4 b, 

center and right), as expected from previous studies with random sequence DNA strands. It is 

important to note that due to the lower sensitivity of the CD instrument, the CD spectra were 

obtained at 5 µM total strand concentration in contrast to the 0.5 µM concentration used in 

fluorescence studies, where the lower concentration was selected to avoid inner filter effects due 

to the attached dyes. 
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Figure 3.4| Fluorescence emission and CD spectra for test system and control duplexes. a) Fluorescence emission 

spectra acquired upon Cy3 excitation (λEx = 548 nm) and b) CD spectra for d(A20)-2F (left), staggered duplex (center) 

and blunt duplex (right); with 0 mM (blue) or 10 mM CA (red). 

 
Figure 3.5| Determination of fiber strand alignment in CA-mediated assembly of d(An) by FRET. a) Normalized 

fluorescence spectra for d(A20)-2F (red), staggered duplex (grey) and blunt duplex (black) with 10 mM CA. b) FRET 

efficiency comparison between the CA-mediated assembly of d(A20)-2F and staggered or blunt duplexes (n = 3, 95 % 

CL).  

 

The spectra for the different constructs, normalized to the emission intensity of Cy5, 

illustrate the differences in FRET behaviour (Figure 3.5 a). As predicted, the ET calculated for the 
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blunt duplex control is significantly lower than for the staggered duplex control (Figure 3.5 b). 

The ET for d(A20)-2F incubated with 10 mM CA (TAMg pH 6), is much higher than for the blunt 

control, although still significantly different from the ET for the staggered construct. In comparison 

to the FRET behaviour of the control duplexes, CA-mediated assembly of d(A20)-2F behaviour 

suggests that CA-mediated fiber growth is more likely to occur through a staggered rather than 

blunt strand alignment within the fiber. 

 

3.2.2 Supramolecular polymerization mechanism determination 

Having examined the strand alignment within the fiber, it was next necessary to determine 

the process by which the CA-mediated supramolecular polymerization of d(An) occurs. 

Supramolecular polymerization may proceed via one of two main mechanisms: isodesmic (step-

growth), or cooperative (nucleation-growth) polymerization (Figure 3.6).8 The isodesmic 

mechanism describes step-growth polymerization, where fibers would grow progressively with 

increasing CA or d(An) concentration ([CA] and [d(An)]). In contrast, the cooperative 

supramolecular polymerization mechanism is characterized by non-linear growth, is often 

nucleated and would display an onset of fiber growth above a threshold or critical concentration 

of component materials ([CA]cr and [d(An)]cr). 

To investigate the mechanism of polymerization, the assembly of d(A15) was monitored 

with varying concentrations of both d(A15) and CA (pH 4.5). CD (Figure 3.7 a) and UV-Vis 

(Figure 3.7 b) spectra were obtained for d(A15) at concentrations ranging from 5 to 75 µM, 

incubated with 0 to 15 mM CA. Molar ellipticity traces obtained from CD show that at low [CA], 

the spectrum remains unchanged relative to d(A15) in the absence of CA. However, with increasing 

[CA], the intensity of the negative peak at 252 nm characteristic of CA-mediated assembly 

increases sharply. This effect is more dramatic at higher d(A15) concentrations ([d(A15)] = 25-75 

µM). The intensity of the peak grows with increasing [CA] and then stabilizes at the highest [CA] 

measured.  As described in Chapter 2, the appearance of the strong negative peak at 252 nm is 

accompanied by spectral changes in the 260 to 300 nm range, where two weak positive bands 

emerge. Parallel [CA]-dependent observations can be made by following the intensity of the molar 

absorptivity traces obtained from UV-Vis absorbance at 260 nm. A hypochromic shift is detected 

with increasing [CA] after an initial lag, however the transition is not as distinct as the one seen in 
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the molar ellipticity spectra. Furthermore, a hyperchromic effect is seen at 285 nm, revealing an 

isosbestic point at 280 nm.  

 
Figure 3.6| Representation of isodesmic vs. cooperative supramolecular polymerization mechanisms. The 

isodesmic polymerization mechanism (top) describes a process where fibers grow progressively with [CA] or [d(An)]. 

In contrast, the cooperative supramolecular polymerization mechanism (bottom) is characterized by non-linear growth 

with the onset of fiber growth occurring above a critical concentration, [CA]cr and [d(An)]cr, following an initial 

nucleation step. 

 

The magnitude of the distinctive CD peak at 252 nm or the absorbance at 260 nm can be 

converted to a fraction of assembled d(A15) to examine the dependence of the extent of assembly 

on [CA] (Figure 3.8 a). The plots of fraction assembled vs. [CA] obtained from CD have a non-

sigmoidal shape that clearly show that d(A15) assembly is detected only above a certain threshold 

[CA]cr. In the range of 25-75 µM d(A15), assembly occurs above a [CA]cr of 3 mM, whereas at 

lower d(A15) concentrations, the [CA]cr shifts to 4 mM and the transition becomes less sharp.  This 

behavior suggests a cooperative polymerization mechanism (Figure 3.8 b), whereby elongation 

of fiber nuclei (likely small seed structures composed of staggered strands) to the observed higher-

order assembly only occurs above [CA]cr. Hud et al. demonstrated that dissociation of coralyne-

induced poly(dA) duplexes into single-strands upon dilution occurs with a sharp transition as a 

function of concentration, indicating a similar cooperative assembly onset at a critical 

concentration of the small molecule.36 The fraction assembled vs. [CA] plots obtained from UV-

Vis absorbance (Figure 3.8 c) are more difficult to interpret, in part due to a lower signal to noise 

ratio associated with a smaller change in the signal characteristic of assembly, however the general 

shape of the curves remains non-sigmoidal. 
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Figure 3.7| Combined effect of d(A15) and CA concentrations on the extent of CA-mediated assembly. Spectra 

for d(A15) (5, 10, 25, 40, 50 and 75 µM) mixtures with CA (0, 1, 2, 3, 4, 5, 10 and 15 mM) in TAMg pH 4.5. a) CD 

spectra (shown in normalized molar ellipticity units). b) UV-Vis absorbance spectra (shown in normalized molar 

absorptivity units). For (a) and (b) arrows indicate evolution of absorbance signal intensity with increasing [CA]. The 

colours of the curves change from light pink to deep burgundy with increasing [CA].  
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Figure 3.8| Determination of the mechanism of supramolecular polymerization of CA-mediated d(A15) 

assembly. a) Fraction of d(A15) assembled vs. [CA] curves at different d(A15) concentrations (5, 10, 25, 40, 50 and 75 

µM). Curves were obtained from CD spectra monitoring the peak at 252 nm (left) and from UV-Vis absorbance 

spectra at 260 nm (right). The colours of the curves change from light pink to deep burgundy with increasing [d(A15)]. 

b)  Theoretical fraction of d(A15) assembled vs. [CA] curves for isodesmic (grey) and cooperative (black) 

polymerization mechanisms. c) Fraction of d(A15) assembled vs. [d(A15)] curves at different [CA] concentrations (0, 

1, 2, 3, 4, 5, 10, 15 mM). Curves were obtained from CD spectra monitoring the peak at 252 nm. The colours of the 

curves change from light pink to deep burgundy with increasing [CA]. 

 

A [CA]cr of 3 mM is in excess of the stoichiometric 1:1 CA:A ratio featured in the proposed 

hexameric rosette structure, rather corresponding to a ratio of 2.67:1 CA:A (in the case of 75 µM 

d(A15)) or greater (for lower d(A15) concentrations). It is possible that at very high d(A15) 

concentrations (starting in the vicinity of 330 µM d(A15), which is equivalent to 5 mM in adenine 

residues) assembly could be observed for 1:1 CA:A mixtures, as has been previously the case for 
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equimolar mixtures of derivatized TAP and CA,37 however this prediction has not been 

experimentally verified due to instrumental limitations. 

On the other hand, fraction of d(A15) assembled plotted vs. [d(A15)] at different [CA] 

(Figure 3.8 c) is a less telling representation. The range of [d(A15)] that could be effectively studied 

by CD is insufficient to build a complete binding curve and so confirmation of the cooperative 

mechanism with respect to d(A15) and determination of [d(A15)]cr could not be made. The plot does 

show that independent of [d(A15)], no assembly is detected for [CA] from 0 to 3 mM and that for 

[CA] of 10 and 15 mM, the fraction of assembled d(A15) lies from 0.8 to 1. At 4 and 5 mM CA, 

the curves show in part the sharp transition from disassembled to assembled material, although a 

disassembled baseline cannot be captured due to insufficient data points in the low [d(A15)] range. 

Interestingly, the curves level off at intermediate values for fraction of d(A15) assembled, 

indicating that d(A15) fully participates in assembly only at higher [CA]. 

The [CA]-dependent switch from free d(A15) to CA-mediated assembly observed by 

spectroscopic methods was mirrored by PAGE experiments (Figure 3.9 a). At low [CA] only 

single-stranded d(A15) was observed, but with concentrations above 3 mM CA, the band shifted to 

lower mobility, indicating onset of assembly that can be associated with the formation of nuclei. 

There is a further slight decrease in the mobility of the band at 15 mM CA (rightmost lane). 

Although much larger structures are expected based on AFM and DLS results (see Chapter 2), 

extended structures are not observed by PAGE. It is possible that the short, staggered overhangs 

that allow for fiber elongation are disrupted as the assembly travels down the gel, leaving behind 

only the smallest assembly units. 

The mobility of 15-mer duplex (DS) and triplex (TS) studied under the same PAGE 

conditions revealed that there is only a small difference in the gel mobility of these structures 

(Figure 3.9 b). Lane DS+NB, where NB is a non-binding 15-mer strand, shows the difference in 

mobility between sample 15-mer monomer and duplex structures. Considering these observations, 

the lower mobility band that appears in the PAGE experiment for d(A15) in a range of [CA] (Figure 

3.9 a), could represent either a duplex or triplex structure. A further mobility decrease (rightmost 

lane) could indicate the addition of another strand to this structure. Further experiments examining 

the mechanism of the assembly process, focusing on the stoichiometry of the nucleation and 

elongation stages would provide a better understanding of the structures involved. As described 

above, both PAGE and CD spectroscopy show that assembly only occurs above a [CA] threshold. 
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Moreover, results of the [CA]-dependent CD studies are consistent with a nucleation-elongation 

supramolecular polymerization mechanism. 

 
Figure 3.9| PAGE analysis of CA-mediated assemblies of d(A15) in a range of CA concentrations and 15-mer 

triplex-forming controls. a) 50 µM d(A15) in a range of CA concentrations (0, 1, 2, 3, 4, 5, 10 and 15 mM) on 8% 

native PAGE. b) Sequences and gel mobility of 15-mer triplex forming controls: DS (double stranded), TS (triple 

stranded), DS + NB (double stranded with non-binding third strand) on 8% native PAGE. 

 

Thermal denaturation of samples used in determining the mechanism of supramolecular 

polymerization ([CA] ≥ 4 mM, where assembly was detected) indicated that the TM of assemblies 

is influenced by both [CA] and [d(A15)], but to a different extent. The TM values at a given [CA] 

were weakly affected by changes in [d(A15)], with variations of only 0.5 to 3.5 °C across the 

examined concentration range ([d(A15)] from 5 to 75 µM, or a 15-fold increase) (Figure 3.10). On 

the other hand, the effect of changing [CA] from 4 to 15 mM (only a 3.75-fold increase) produced 

a dramatic change in average TM across the [d(A15)] range from 13.7 to 33.5 °C. This observation 

may be explained by the stoichiometric relationship of CA and d(A15) strands in the system. 
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Although each rung of the proposed triplex structure (the hexameric rosette unit) requires a 1:1 

CA:A ratio, the CA:d(A15) strand ratio is 15:1 over the length of the fiber. Overall, the amount of 

CA molecules participating in fiber formation is 15 times larger than the amount of d(A15) 

molecules, so increasing [CA] drives fiber formation by increasing the probability of filling the 

available binding sites along each strand in the emerging structure. Thus, [CA] appears to be the 

most important parameter affecting the extent and stability of assemblies. 

 
Figure 3.10| TM values for CA-mediated assemblies of d(A15) in a range of d(A15) and CA concentrations. TM 

values obtained from thermal denaturation following the CD signal at 252 nm. [d(A15)]: 5, 10, 25, 40, 50 and 75 µM; 

[CA]: 0, 1, 2, 3, 4, 5, 10, 15 mM. The colours of the points change from light pink to deep burgundy with increasing 

[CA]. 

 

3.2.3 Additional effects of [CA] and d(An) strand length on CA-mediated assembly 

A closer examination of the effect of [CA] on the thermal denaturation of CA-mediated 

assemblies of d(A15) was made by looking at the behavior of 40 µM d(A15) using more [CA] data 

points. Above [CA]cr, the TM values determined from the melting curves, collected at 252 nm by 

CD spectroscopy, increased with increasing [CA] (Figure 3.11 a and c). The correlation between 

[CA] and TM seemingly follows a logarithmic relationship (R2 = 0.99). The stabilization effect 

occurring with increasing [CA] even at very high concentrations, suggests that, in addition to the 

impact of CA:d(A15) ratio discussed above, the high CA content suppresses, or delays the melting 

process. Furthermore, CA molecules may be participating in additional stabilizing interactions 
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with the fibers, possibly through non-specific binding to their exterior or stacking within the central 

cavity of the triplex. 

 
Figure 3.11| Thermal denaturation studies of d(A15) structures assembled above [CA]cr monitored by CD at 252 

nm. a) Melting curves for CA-mediated assemblies of d(A15) in a range of CA concentrations above [CA]cr (3.6 mM 

to 18 mM), where assembly can be detected. b) Normalized derivatives for the melting curves shown in (a). c) 

Summary of TM and FWHM values from melting curves shown in (a) (n = 3, 95 % CL). The colours of the curves 

change from light pink to deep burgundy with increasing [CA]. 

 

The changes in TM values with increasing [CA] were accompanied with a broadening of 

the melting transition best observed in the normalized derivatives of the melting curves and full 

width at half maximum (FWHM) values extracted from them (Figure 3.11 b and c). FWHM is a 

marker of the cooperativity of the melting transition, as well as the activation energy required for 

melting to occur.38 In the present case, where a mixture of supramolecular polymer products is 
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studied, it can also be interpreted as an indicator of polydispersity. The melting curve derivative 

broadens as [CA] increases from 3.6 to 9.0 mM. With further increases in [CA], the peak acquires 

a shoulder towards the lower temperature side, potentially indicating that a main population of 

fibers coexists with another smaller population with a lower TM. 

This phenomenon can be explained by considering the influence of [CA] on the nucleation-

elongation mechanism. With [CA] as the main driving force behind fiber formation, the rate of 

nucleation at low [CA] is expected to be slow and accelerate with increasing [CA]. Although slow 

nucleation is generally associated with a broad product distribution,8 and thus a wide melting 

transition, it is important to further consider the impact of [CA] on the stability of nuclei. On the 

way to nuclei formation, d(An) strands may bind to each other in a range of registers, creating 

regions of overlap of variable length, and by consequence variable stability. Enthalpic stabilization 

of the nuclei is highly dependent both on hydrogen bonding between adenosine and CA units, and 

on the accumulation of π-stacking interactions between consecutive newly-formed adenine-CA 

rosettes. In this context, at low [CA], only nuclei with optimal strand overlap are stable enough to 

elongate rather than fall apart. This situation creates a population of fibers with a uniform internal 

structure that originates from a narrow selection of possible nuclei, which is reflected in a narrow 

melting transition. In contrast, the abundance of CA molecules at high [CA] conditions stabilize 

nuclei with a greater variety of strand alignments which then proceed to elongate into fibers with 

variable internal structure and thus melting behaviour. The consequence is a broader melting 

transition and the emergence of a shoulder in the melting derivative peak observed for [CA] ≥ 12 

mM. In summary, [CA] affects both the thermal stability of d(An) fibers and the distribution of 

fiber products. 

The length of the d(An) oligonucleotide also influences thermal denaturation properties of 

CA-mediated assembly. Melting curves were obtained for d(An) strands with lengths ranging from 

n = 7 to n = 50 upon incubation with 10 mM CA (Figure 3.12 a), where the concentration of 

adenine residues was kept constant at 150 µM (such that strand concentration varied depending on 

strand length but the CA:A ratio remained constant). The derivatives of the melting curves (Figure 

3.12 b) clearly show that for d(An) strands where n ≤ 15, the structures displayed monophasic 

melting transitions. However, with increasing strand length (n ≥ 18), multistep transitions 

emerged. Across the range of strand lengths examined, the highest temperature melting transitions 

(yellow markers) increased progressively with d(An) length, seemingly following a logarithmic 
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dependence (R2 = 0.96). Importantly, assemblies formed with all d(An) strands with multiphasic 

melting transitions retain the same spectral CD features as the shorter, monophasic d(An) strands 

(Figure 3.13). This suggests that the internal structure within the assemblies remains unchanged, 

independent of strand length.   

 
Figure 3.12| Thermal denaturation studies of d(An) assemblies monitored by CD at 252 nm. a) Melting curves 

for CA-mediated assemblies of d(An) (n = 7, 10, 12, 15, 18, 20, 30 and 50) with 10 mM CA. Yellow, orange and red 

circles denote different melting transitions. b) Normalized derivatives for the melting curves shown in (a). c) Summary 

of TM and FWHM values from melting curves shown in (a) (n = 3, 95 % CL). The colours of the curves change from 

light to deep purple with increasing d(An) length. Markers for melting transitions: yellow marks the highest 

temperature transition, orange – a lower one, and red an even lower one (only used for n = 50). 
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Figure 3.13| CD spectra (shown in normalized molar ellipticity units) for d(An) strands (n = 7, 10, 12, 15, 18, 20, 

30 and 50) with 10 mM CA. 

 

Several lines of reasoning may be invoked to justify the observed d(An) length-dependent 

trends in TM and FWHM values. First, similarly to duplex DNA, longer regions of uninterrupted 

overlap between strands should provide greater enthalpic stabilization to the assembled structure 

because of π-stacking interactions between rosette surfaces within the fiber and hydrogen bonding, 

such that the highest TM would be observed with the longest strands. Furthermore, in order to 

ensure polymerization with short strands, strands in the nuclei are likely shifted with respect to 

each other uniformly, creating a population of fibers that melt around the same temperature. The 

uniform binding register would ensure that the remaining overhangs are long enough to promote 

elongation. With longer strands, there are more possibilities of binding register during the 

nucleation stage. The resulting collection of nuclei contains structures with a range of different 

regions of overlap that are capable of elongation into a fiber population that now presents a range 

of melting behaviours. The trends observed in TM and FWHM values (Figure 3.12 c), where an 

initial broadening with increasing strand length is followed by the splitting of the peak into 

multiple melting transitions, reflect the shift in the internal makeup of the fiber population. 

Similarly to the nucleus stabilization effect of increasing [CA], longer regions of overlap available 

with increasing d(An) strand length stabilize a larger variety of nuclei so they can elongate into 

fibers and increase the top melting temperature for a given strand length. 

Interestingly, shorter fibers were observed by AFM with increasing d(An) length (Figure 

3.14). This observation can once again be related to differential, strand length-dependent nucleus 

stabilization, with long strands initially forming a greater number of nuclei stable enough to 
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elongate. Proportionally, as the number of nuclei increases for long strands, fiber length decreases. 

Another possibility in line with melting transition observations is that longer strands do not 

participate in rosette units for their entire length, such that they remain partially free of interactions 

with CA and dangle on the outside of the fibers, potentially destabilizing them, increasing 

polydispersity, giving rise to lower temperature melting transitions and introducing shorter fiber 

populations. Furthermore, as longer strands are more flexible, they may be able to participate in 

intramolecular capping interactions that would also produce greater numbers of short fibers. 

However, this situation may be less likely due to the evidence for a preferred all parallel d(An) 

strand orientation within the CA-mediated structure (see Chapter 2). 

 
Figure 3.14| AFM images of CA-mediated assemblies prepared from d(An) strands of different lengths. 

Representative images obtained in solution for d(A15) (left), d(A30) (centre) and d(A50) (right). 

 

The combined effect of [CA] and d(An) length on [CA]cr and TM trends was also examined. 

Fraction assembled vs. [CA] curves were obtained for d(An) strands with various lengths (n = 7 to 

30) incubated in a range of [CA] concentrations (Figure 3.15). DNA concentration was normalized 

to a total [A] of 150 µM to maintain the CA:A ratios constant across strands of different lengths. 

Overall, there was a decrease in [CA]cr with increasing strand length. For short strands, d(A7) and 

d(A10), assembly was only observed above 7.5 and 5 mM CA respectively. The results for d(A20) 

lie somewhat outside of this trend, as assembly was observed to a larger extent at 4 and 5 mM CA 

compared to the longer strand d(A30). In this context again, the significant impact of [CA] on 

nucleus stability is evident in the increased [CA]cr values required for polymerization of short 

d(An) strands. 
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Figure 3.15| Fraction of d(An) assembled vs. [CA] curves for different d(An) strands (n = 7, 10, 15, 20 and 30). 

Curves obtained from CD spectra monitoring the peak at 252 nm. The colours of the curves change from light pink to 

deep burgundy with increasing d(An) length. Total [A] in each sample normalized to 150 µM (equivalent to 10 µM 

d(A15)). [CA] = 0, 3, 4, 5, 7.5, 10 and 15 mM in TAMg pH 4.5 

 

The trends in thermal denaturation for strands of various lengths at different [CA] were 

replicated from the previous experiment, and new observations emerged (Figure 3.16). Multiple 

melting transitions were indeed recorded for d(An) strands with n ≥ 15, however not at all [CA]. 

For example, d(A20) had a single melting transition at 5 mM CA, which significantly broadened 

and shifted to a higher temperature at 7.5 mM CA, only to split into 2 distinct transitions at even 

higher [CA]. At each [CA], the TM for the top melting transition for each strand increased 

progressively with strand length. Interestingly, at [CA] from 10 to 15 mM, the main lower 

temperature melting transitions for d(A20) and d(A30) consistently nearly matched the TM of d(A10). 

This observation suggests that populations of fibers formed from d(A10), d(A20) and d(A30) may 

have regions of overlap of similar length inside the structure. It is possible that clustering of TM 

values thus emerges from thermal denaturation of regions of overlap of similar length within the 

fiber.  Such regions may be triplex stretches within the fiber uninterrupted by nicks. We refer to 

these seemingly quantized overlap regions as “packets”. The consistent match between TM values 

observed for d(A10) and the lower temperature transitions for d(A20) and d(A30) suggests that 

certain packet sizes may be preferred during the nucleation process for yet unknown structural 

reasons (here there seems to be a dependence on 10-mer repeats) and have a higher probability of 

elongation. Given the thermal denaturation results, the populations of fibers assembled from longer 

strands such as d(A20) and d(A30) seem to contain large packets that are strand length dependent, 
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giving rise to the top melting transition, and smaller packets, that give rise to lower temperature 

transitions and may be matching in length for the d(An) studied here. It should be noted that the 

TM values of the same packets increased with increasing [CA]. In addition, the larger packet sizes 

seem to be favored with increasing [CA], as observed with strands that display multiphase-

transitions (d(A20) and d(A30)), where the top transition became more populated with increasing 

[CA]. Overall, the parallel variation of d(An) length and [CA] in thermal denaturation experiments 

has revealed additional clues on the distribution of fiber populations and their tunable 

characteristics. 

 
Figure 3.16| Thermal denaturation studies of d(An) using strands of different length (n = 7, 10, 15, 20 and 30) 

in range of [CA] ([CA] = 5, 7.5, 10, 12.5 and 15 mM). Normalized derivatives of thermal denaturation curves 

monitored by CD at 252 nm. Each panel shows a set of curves for assemblies formed from strands of different lengths 

for which melting transitions were observed. [CA]: a) 5, b) 7.5, c) 10, d) 12.5 and e) 15 mM. The colours of the curves 

change from light pink to deep burgundy with increasing d(An) length. Peaks are identified with corresponding strand 

length n. Total [A] in each sample was normalized to 150 µM (equivalent to 10 µM d(A15)). 
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 The ensemble of studies examining the effect of [CA] concentration and d(An) length on 

CA-mediated assembly highlight how simple parameters can be used to tune the outcome and 

properties of the structures obtained. The thermal stability and length of nanofibers can be adjusted 

to modify the properties of potential functional nanomaterials based on this assembly principle. 

 

3.2.4 Kinetics of CA-mediated d(An) assembly 

The control of self-assembly kinetics is of fundamental importance to achieve advanced 

functionality in both natural systems and synthetic supramolecular materials.21 Understanding of 

the mechanism, time-course of assembly, intermediate species and the influence of different 

parameters on the equilibrium populations of supramolecular polymers are essential in the 

development of such materials for specific applications. Following the qualitative assessment of 

the mechanism of supramolecular polymerization and identification of parameters influencing the 

outcome of CA-mediated d(An) assembly, we sought to get a deeper understanding of the 

polymerization process. 

As a first step, isothermal kinetics measurements were performed for d(A15) with 10 and 

15 mM CA, and d(A10) with 15 mM CA at different temperatures. These measurements monitored 

the accumulation of assembled material over time at a constant temperature following a jump from 

an elevated temperature where all d(An) was in a monomeric state. The curves acquired illustrate 

the effects of changing [CA] and strand length on the kinetics of assembly (Figure 3.17). 

Qualitatively, the curves show that polymerization accelerates with cooling, an indicator of 

enthalpy-driven assembly.8 In addition, reducing [CA] (10 mM vs. 15 mM) and strand length 

(d(A10) vs. d(A15)) considerably slows down assembly. 

Unfortunately, fitting these curves reliably to obtain reaction orders and kinetic parameters 

proved impossible due to experimental flaws. The curves were obtained using a temperature jump 

method, where the sample was heated to denature the assembly before being placed at the target 

temperature in the CD instrument to record the kinetic run. With this method, the temperature of 

the sample ramped down to the target temperature over the first ~ 100 seconds such that this initial 

portion of the run could not be included in the fit. As a crucial portion of the reaction progress 

occurs in the first ~ 100 seconds, the data couldn’t in fact be fitted due to the significant 

temperature changes occurring during this time. 
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Figure 3.17| Isothermal kinetics for CA-mediated d(An) assembly obtained using a temperature jump method. 

Molar ellipticity acquired at 252 nm at a) 10, b) 15, and c) 20 °C. Time t = 0 is the moment the sample cell is placed 

at the target temperature following denaturation of the assembly at a raised temperature. Samples: d(A15) with 15 mM 

CA (grey), d(A15) with 10 mM CA (orange) and d(A10) with 15 mM CA (blue). 

 

A procedure mimicking a stopped-flow experiment was also tested. A small volume of 

concentrated, free d(An) was manually injected into a CA containing solution at the target 

concentration and temperature followed by immediate recording of the CD signal. However, this 

method did not yield reproducible curves and similarly lacked reliable signal in the early stages of 

assembly because of manual mixing and rapid response of the sample at the temperatures tested. 

Due to these limitations, isothermal kinetics experiments were not used to further examine reaction 

orders and determine kinetic parameters for this system. 

 

3.2.5 Analysis of CA-mediated assembly of d(An) based on thermal hysteresis 

An alternative approach to study the kinetics of supramolecular assembly was recently 

developed by Harkness and Mittermaier (RW Harkness V, N Avakyan, HF Sleiman and AK 

Mittermaier. Mapping the energy landscapes of supramolecular assembly by thermal hysteresis. 

Nat. Commun. 9, 3152 (2018)). This methodology enables reaction rate mapping as a function of 

both monomer concentrations ([M]) and temperature based on spectroscopic thermal hysteresis 

(TH) analysis. TH is a kinetic phenomenon occurring when forward and reverse reactions fail to 

equilibrate.8 In supramolecular assembly, it is observed as a lag between annealing and melting 

curves that are obtained at a given heating/cooling rate, implying that the processes are occurring 
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far from equilibrium and thus exhibit a kinetic delay. CA-mediated assembly of d(An) exhibits TH, 

as demonstrated in Chapter 2 (Figure 2.5 e). 

In the past, TH monitoring has been used to study the folding and unfolding rates of 

biomolecules in simple two-state unimolecular systems,39-41 or by making a priori assumptions 

about the mechanism of assembly in a few multimeric systems.28,42 However, Harkness and 

Mittermaier saw an opportunity to use spectroscopic TH data to elucidate complex supramolecular 

assembly mechanisms de novo. The TH experiments entail acquiring spectroscopic assembly and 

disassembly profiles of supramolecular systems with heating and cooling at different rates. The 

lag caused by TH varies with rate, such that faster heating/cooling displaces the melting/annealing 

curves further from equilibrium than do slower rates. The rates of assembly and disassembly in 

the system can then be calculated based on the lag from equilibrium. The TH-based method 

examines variations in reaction rates over a range of [M] and temperature to acquire detailed 

representations of assembly pathways. This is achieved by creating 3D maps of reaction rate as a 

function of both [M] and temperature from melting/annealing data acquired at a set of different 

scan rates. The surfaces are used to track apparent reaction order as a function of temperature in a 

model-free manner, providing a level of kinetic detail that cannot be achieved by traditional 

methods. Finally, based on the observed reaction order information, explicit mechanistic models 

are proposed and globally fit to TH datasets. The global fitting procedure permits extraction of the 

kinetic and thermodynamic parameters that govern the assembly process in question. 

The model-free analysis is based on the different lag times associated with different 

heating/cooling rates in melting/annealing sets of TH curves, and the establishment of low/high 

temperature baselines where all the material is assumed to be assembled/disassembled 

respectively. Each trace is used to calculate the fraction of dissociated monomers (θU) as a function 

of temperature and heating/cooling rate so that the rate of monomer release or consumption 

(d[M]/dt) can be calculated from the slopes of the curves (dθU/dT), the rate of temperature change 

(dT/dt) and the total monomer concentration (CT) using Equation 3.1.39  

 𝑑[𝑀]

𝑑𝑡
= 𝐶𝑇

𝑑𝜃𝑈

𝑑𝑇

𝑑𝑇

𝑑𝑡
 (Equation 3.1) 

 

Given that multiple heating/cooling rates are used in acquiring the TH profiles, the data set 

samples a range of [M] and d[M]/dt values at any temperature within the transition region from 
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disassembled to assembled material (Figure 3.18). Equation 3.2 describes how the rate d[M]/dt 

varies in relation to [M], CT, the number of monomers in the assembly (N), effective reaction 

orders n and m (for assembly and disassembly respectively), and rate constants kon and koff. 

 𝑑[𝑀]

𝑑𝑡
=  −𝑘𝑜𝑛[𝑀]𝑛 + 𝑘𝑜𝑓𝑓𝑁 (

𝐶𝑡−[𝑀]

𝑁
)

𝑚

 (Equation 3.2) 

 
Figure 3.18| Model-free supramolecular assembly analysis from TH profiles. Sample TH dataset obtained using 

multiple annealing/melting rates (left) is used for generating a 3D supramolecular assembly map (right). Dashed 

lines/rectangles indicate temperature slices at which [M] and d[M]/dt are calculated using each curve (different 

annealing/melting rate). Light/dark blue and red indicate slow/fast scan rates for annealing and melting respectively. 

 

In contrast to a system exhibiting little to no TH, where both terms in Equation 3.2 are of 

similar magnitude and thus values of N, n and m must be known to extract kon and koff,28,42 a system 

with large TH allows the equation to be simplified. When TH is large, the first term of Equation 

3.2 dominates during annealing, while the second term dominates during melting, such that 

Equations 3.3 and 3.4 can be applied in the respective calculations. Given these approximations, 

it is possible to extract n, m, kon and koff from the linear plots afforded by taking the log of both 

sides of Equations 3.3 and 3.4. A plot of log(- d[M]/dt) vs. log([M]) will have a slope of n and a 

y-intercept of log(kon) for the annealing data, while in the case of melting, a plot of log(d[M]/dt) 

vs. log(CT - [M]) will have a slope of m and y-intercept of (1 - m)log(N) + log(koff).  

 Annealing:  𝑑[𝑀]

𝑑𝑡
≈  −𝑘𝑜𝑛[𝑀]𝑛  (Equation 3.3) 

 Melting: 𝑑[𝑀]

𝑑𝑡
≈  𝑘𝑜𝑓𝑓𝑁 (

𝐶𝑡−[𝑀]

𝑁
)

𝑚

 (Equation 3.4) 
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The values of n and m represent model-free estimates of apparent reaction orders at each 

temperature point over the transition range. The values of kon and koff are phenomenological 

constants describing the rate of the reaction, but are not meaningful in the supramolecular pathway 

analysis as they contain contributions from a number of processes. The approximations are 

considered valid if the ratio between the slopes of the melting and annealing curves at the slowest 

scan rate is roughly 3-fold in the middle of the annealing transition. The subsequent global fitting 

analysis requires a minimum ~ 1-2 °C of difference between the annealing/melting profiles in the 

transition region. 

To apply the TH-based analysis method to CA-mediated d(An) assembly, TH profiles were 

acquired for three sets of conditions, examining the effect of variation in [CA] and d(An) strand 

length on assembly and disassembly kinetics: d(A15) with 15 mM CA is compared to d(A15) with 

10 mM CA (reduced [CA]) and d(A10) with 15 mM CA (reduced strand length). The plots of θU 

vs. temperature obtained from UV-Vis absorbance curves are shown in Figure 3.19. As the melting 

scans largely produced overlapping curves, indicating rapid dissociation at these temperatures, the 

disassembly of d(An) fibers could not be characterized further using the TH-based method. 

 
Figure 3.19| Fraction unfolded (θU) TH profiles as a function of temperature at different melting/annealing 

rates. a) d(A15) with 15 mM CA, b) d(A15) with 10 mM CA and c) d(A10) with 15 mM CA. Data acquisition parameters 

are listed in Table 3.3 in section 3.4.9. 

 

On the other hand, the annealing scans displayed a marked cooling rate dependence and 

were subjected to in depth analysis (Figure 3.20 a). The rates of d(An) consumption d[M]/dt were 

mapped as a function of both [M] and temperature (Figure 3.20 b). The apparent reaction orders 



161 

(n) were calculated from the slopes of the linear plots obtained by taking log-log slices of the maps 

at sequential temperatures (at 0.5 °C intervals) across the transition region. The n values for all 

three d(An) systems under investigation remained close to 3 across the transition region (Figure 

3.20 c). In polymerization reactions, because monomers are integrated into polymers by adding to 

an ensemble of growing fibers of different lengths, the apparent reaction order n does not reflect 

the molecularity of a single rate-limiting barrier.43 Rather, n values can offer mechanistic insight 

as to the molecularity of the nucleus.43,44  

The next step in the analysis consists of proposing an explicit mechanistic model 

corresponding to the calculated apparent reaction orders to quantify the supramolecular assembly 

pathway both in terms of kinetic and thermodynamic parameters. The temperature dependent 

annealing curves and reaction orders were fit using the Goldstein-Stryer cooperative 

supramolecular polymerization model,43 which explicitly tracks populations of oligomers up to a 

certain number of monomer units (N = 100 in Figure 3.20 a), while populations of longer fibers 

are accounted for using the fibril pool approximation from Korevaar et al.31,34 For monomers and 

oligomers smaller than the critical nucleus size s (critical number of d(An) strands), the association 

and dissociation constants were termed kn+ and kn- respectively (nucleation phase), while oligomers 

containing more than s strands were described using rate constants ke+ and ke- (elongation phase). 

For the critical nucleus itself, the association and dissociation constants were taken as ke+ and kn- 

respectively. The forward rate constants kn+ and ke+ were held as equal, a simplification applied in 

other systems,31,43,45 and assembly activation enthalpies were allowed to vary with temperature 

(change in heat capacity at constant pressure ΔCp ≠ 0).46 

The optimal critical nucleus size was determined by systematically varying s in the global 

fit. While excellent fits were obtained with s values from 2 to 4, s = 3 gave the best fit for d(A15) 

with either 10 or 15 mM CA. It is important to point out that although the effective reaction order 

(n ≈ 3) matches the optimal nucleus size for the d(A15) systems, the relationship is generally less 

straightforward. Harkness and Mittermaier have shown that the effective order of a polymerization 

reaction can be interpreted quantitatively in terms of weighed averages of fluxes of individual 

assembly steps.47 The effective orders extracted from TH analysis are rich in information and 

linked to critical nucleus size, however in supramolecular polymerization this relationship is 

complex and warrants further theoretical study. The experimental values of n between 2.5 and 3.5 

observed for d(A10)  with  15 mM CA deviate  from  s = 2   which  yields  the best fit  for this set 
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Figure 3.20| Model-free analysis of TH profiles for CA-mediated assembly of d(An). Columns correspond to 

samples: i) d(A15) with 15 mM CA, ii) d(A15) with 10 mM CA, and iii) d(A10) with 15 mM CA. Rows correspond to: 

a) Fraction unfolded θU TH profiles as a function of temperature at different annealing rates. Circles show the 

experimental data and lines correspond to the globally fit Goldstein-Stryer model for cooperative supramolecular 

assembly assuming a nucleus size of i) 3, ii) 3 and iii) 2. Every 2nd experimental point is shown for clarity. Light to 

dark blue correspond to slow to fast annealing rates. b) 3D supramolecular assembly maps of rate d[M]/dt vs. [M] and 

temperature. c) Effective assembly orders n as functions of temperature through the annealing transition. Circles and 

dashed lines represent n obtained from model-free analysis of experimental and globally fitted data respectively. Insets 

illustrate model-free analysis of the maps in (b) at the given temperatures, where n is the slope of the linear ln(d[M]/dt) 

vs. ln([M]) plot. Error bars correspond to the standard deviation of values obtained from analysis of triplicate TH 

experiments. 
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of parameters. This finding highlights the complexity of cooperative polymerization, where 

monomers are consumed at each step of the assembly process and elongation can proceed 

indefinitely, such that no single energy barrier is entirely rate determining. Nevertheless, the 

observed range of n values suggests that the most significant contributions to the flux occur in the 

early stages of the assembly process (the average flux gives an order ~ 2-3). 

In cooperative supramolecular polymerization, the nucleus size can be defined as the 

number of monomers in the largest species which is more likely to dissociate than to grow.45 This 

is well illustrated in quantitative free energy diagrams calculated at different temperatures to 

emphasize the differences in free energy of intermediates in the nucleation and elongation stages 

of assembly (Figure 3.21). For d(A15) with 15 mM CA (Figure 3.21 a), the free energy diagram 

calculated at 20 °C shows that the trimeric nucleus (s = 3) is the least stable intermediate, while 

each subsequent monomer addition produces a lower energy oligomer. A nucleus composed of 3 

strands is physically reasonable in the system given a proposed triple helical structure based on 

hexameric CA:A rosettes. It suggests that a minimum of 3 strands is required to complete the 

rosette arrangement and that binding of a fourth strand effectively stabilizes the nascent fiber in an 

arrangement that favors the addition of further strands. This finding also stands for d(A15) with 10 

mM CA (Figure 3.21 b), however it is best illustrated at a lower temperature (10 °C). For the 

system with reduced CA at 20 °C, the free energy differences between monomer additions and the 

heights of the energy barriers show that disassembly of the nucleus is much more likely to occur, 

as the heights of the energy barriers correspond directly to transition probabilities, and smaller 

barriers thus indicate that more molecules cross the barrier in a given direction per unit time. This 

seems to be the case mostly up to the nucleus, where disassembly barriers are small, implying a 

rapid equilibrium between monomer and nucleus.  

In the case of d(A10) with 15 mM CA (Figure 3.21 c), the best fit critical nucleus size 

switches to s = 2, which is also reflected in the free energy diagram, where the dimer is the highest 

energy intermediate. A possible explanation for this strand length-dependent change may have to 

do with a reduced number of possible binding registers for the shorter d(A10) strand compared to 

d(A15). With a nucleus composed of two strands, binding of a third d(A10) strand has a greater 

probability of completing more hexameric rosettes to drive elongation, producing a reduction in 

free energy for the trimer intermediate and beyond. In contrast, statistically, two d(A15) monomers 

can bind to each other  in  a  greater  number  of  slipped  registers  so  that  a third strand may not  



164 

 
Figure 3.21| Quantitative free energy diagrams for CA-mediated cooperative of d(An) polymerization. a) d(A15) 

with 15 mM CA at 20 at 30 °C; b) d(A15) with 10 mM CA at 10 at 20 °C; c) d(A10) with 15 mM CA at 10 at 20 °C. 

Model structures in (a) illustrate each intermediate stage in the polymerization both in ground and transition state. For 

(a-c), lower temperature is in blue and higher temperature in red; the reaction coordinate is truncated at the hexamer, 

longer fibers form by stepwise monomer association; dashed arrows highlight the highest energy step for each system 

before elongation proceeds with further monomer addition. 
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complete enough hexamers to drive elongation, thus an additional strand becomes necessary to 

enter that phase of assembly. This finding suggests that there may be a correlation between d(An) 

length and nucleus size. Extrapolation to longer strands would indicate that the switch from 

nucleation to elongation may occur upon association of a larger number of monomers. Formation 

of larger nuclei would imply a longer delay for the onset of elongation, build-up of pre-elongation 

intermediates and populations of nuclei with strands bound in a variety of registers that then grow 

at different rates giving rise to fiber populations that display multiple melting transitions as 

observed with strands longer than d(A15) in section 3.2.3.  

Direct comparison of the free energy diagrams for the three different sets of d(An) assembly 

conditions seems to indicate that a reduction in [CA] has a more pronounced effect on the free 

energy changes along the pathway than does reduced strand length. At 20 °C, d(A15) with 15 mM 

CA (Figure 3.21 a) steadily proceeds through elongation with a downhill trajectory in the free 

energy of intermediates. In contrast, the magnitude of the steps from one intermediate to the next 

at the same temperature is smaller for d(A10) with 15 mM CA (Figure 3.21 c), while for d(A15) 

with 10 mM CA (Figure 3.21 b), nucleation is much more unfavorable and the free energy steps 

in elongation do not follow a sharp downhill trajectory. Furthermore, at 10 °C, the elongation 

phase for the d(A10) system is more favorable than it is for d(A15) with 10 mM CA. 

These differences can also be examined by comparing dissociation constants (KD) for 

nucleation and elongation at different temperatures (Table 3.1). The KD values were calculated by 

using rate constants and activation energy values obtained at reference temperatures in the global 

fit (listed in Table 3.4 in section 3.4.12). The KD values for nucleation show sharp temperature-

dependent changes as expected from 𝐾 = 𝑒−∆𝐺/𝑅𝑇. In addition, allowing for ΔCp ≠ 0 means that 

the relationship between ln(K) vs. 1/T is non-linear, in contrast to a case where ΔCp = 0. (see Table 

3.4 for ΔCp values obtained from global fitting). At 20 °C, nucleation KDs in the millimolar range 

for d(A15) with 10 mM CA (reduced [CA]) and d(A10) with 15 mM CA (reduced strand length) 

indicate that nuclei in these systems are highly unstable at this temperature, never more populated 

than the monomeric state. In comparison to d(A15) with 15 mM CA, nucleation in the reduced 

[CA] system becomes favorable at a lower temperature than for a system where d(An) strand length 

is reduced. For elongation, the KD values remain favorable across the 10 to 25 °C range for all 

three systems, meaning that fibers spontaneously elongate in these temperature and concentration 
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conditions. Elongation of d(A15) with 15 mM CA is orders of magnitude more favorable in this 

temperature range than the systems with reduced [CA] and strand length. 

 

 KD (µM) 
 Nucleation Elongation 

Temperature (°C) 10 15 20 25 10 15 20 25 

50 µM d(A15) / 
15mM CA 0.1 1.0 10.0 101.5 3.9 × 10-8 5.3 × 10-5 1.4 × 10-2 0.9 

50 µM d(A15) / 
10mM CA 

Reduced [CA] 
38.3 740.0 4.8 × 103 1.1 × 104 2.0 9.8 28.2 48.9 

75 µM d(A10) / 
15mM CA 

Reduced strand length 
17.6 62.4 1.7 × 103 3.1 × 105 1.9 8.1 25.1 55.7 

Table 3.1| Calculated dissociation constants (KD) for nucleation and elongation. KD values (in µM units) calculated 

at 10, 15, 20 and 25 °C for 50 µM d(A15) with 15 mM CA, 50 µM d(A15) with 10 mM CA (system with reduced [CA]), 

and 75 µM d(A10) with 15 mM CA (system with reduced d(An) strand length) based on reference values listed in 

Table 3.4 in section 3.4.12. For nucleation, KD = kn-/kn+, and for elongation, KD = ke-/ke+, 

 

 TH-based analysis of the kinetics and thermodynamics of CA-mediated d(An) assembly 

brings to the forefront aspects of the process that could not be probed earlier. It has revealed 

valuable information on nucleation stoichiometry that appears to be d(An) strand length dependent. 

Furthermore, it highlights the impact of parameters such as [CA] and d(An) strand length on rates 

of assembly and stability of intermediate species, providing a quantitative and mechanistic 

framework for trends identified earlier using thermal denaturation experiments.  Within the limited 

range of parameters examined here, changes in [CA] remain the most impactful parameter in the 

assembly process. It is important to point out that [CA] affects both the kinetics and 

thermodynamics of assembly. First, [CA] has an effect on the overall rate of monomer 

consumption (𝑘𝑜𝑏𝑠[𝑀] = 𝑘[𝑀][𝐶𝐴]𝑥, where kobs is the observed rate constant and x is the number 

of CA molecules joining a monomer), such that increases in [CA] affect the rates of both nucleation 

and elongation as CA participates in both phases of assembly. In addition, changes in [CA] affect 

the magnitudes of the rate constants. For example, at 20 °C, the kn- and ke- for d(A15) with 15 mM 

CA are four orders of magnitude smaller than for d(A15) with 10 mM CA, while rate constants for 
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the forward reactions are more similar. Finally, the [CA] effect on rate constants impacts 

equilibrium constants making both nucleation and elongation more thermodynamically favorable. 

In combination with the increased nucleation and elongation rates, higher CA concentrations push 

the annealing and melting temperatures of assembly to higher values (increased thermal stability). 

Overall, the insights obtained from TH-based analysis above provide a better 

understanding of the mechanism of CA-mediated d(An) assembly and quantify the process for 

three different sets of parameters highlighting once again the impact of [CA] and d(An) strand 

length. With further work, this new quantitative framework could be used to better control the 

outcome of assembly in terms of fiber population distributions and the properties of the 

supramolecular nanomaterial, such as nanofiber length and thermal stability behaviour. 

 

3.3 Conclusions 

This chapter has examined some aspects of the mechanism of CA-mediated d(An) assembly 

into nanofibers, and identified key parameters affecting the properties of the assembly products. 

We have established that d(An) strands likely take on a staggered arrangement within the 

nanofibers based on FRET experiments. Furthermore, spectroscopic studies using a range of 

d(A15) and CA concentrations were used to show that the supramolecular polymerization of d(An) 

strands proceeds following a cooperative, nucleation-elongation mechanism. The most important 

parameter regulating the assembly outcome appears to be [CA], as it is a critical factor triggering 

the cooperative polymerization mechanism. Above [CA]cr, increases in [CA] impact the thermal 

denaturation behaviour of d(A15) assemblies, leading to dramatic changes in TM for the structures. 

In contrast, [d(A15)] does not significantly affect melting behaviour. The length of d(An) strands is 

another crucial parameter. Assemblies formed from short strands (d(A7) to d(A15)) melt in a single 

transition, while structures formed using longer strands (d(A18) to d(A50)) display multi-phase 

melting, highlighting differences in product distributions and underlying effects potentially related 

to nucleation. In combination, variation of d(An) length and changes in [CA] have a profound 

impact on product distribution and thermal stability of the structures, enabling the production of 

nanofibers with tunable characteristics.  

Examination of assembly kinetics using standard isothermal experiments was stalled by 

flaws in experimental design. However, a new approach developed by Harkness and Mittermaier 
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based on spectroscopic thermal hysteresis (TH) analysis revealed a quantitative representation of 

the assembly process, providing insight into both kinetic and thermodynamic facets of the 

mechanism. Based on TH profiles, maps of monomer consumption rates with respect to [M] and 

temperature were analyzed to reveal effective reaction orders over a range of temperatures. This 

ensemble of data was then globally fit to a cooperative polymerization mechanism model to 

calculate nucleation and elongation rate constants, activation energies, and use these values to 

build energy diagrams describing the assembly pathway. Importantly, this quantitative treatment 

has revealed new insights into the molecularity of the nucleus, which appears to be affected by 

strand length, switching from a trimeric to a dimeric nucleus when going from d(A15) to d(A10). 

Furthermore, the impact of [CA] and d(An) strand length on assembly was reassessed, highlighting 

again the dramatic effect of changes in [CA], this time in quantitative kinetic and thermodynamic 

terms. 

Overall, these studies emphasize the tunability of CA-mediated assemblies and contribute 

mechanistic insights of interest to the field of supramolecular polymerization in general. 

 

3.4 Experimental 

3.4.1 Materials 

Cyanuric acid (CA), tris(hydroxymethyl)aminomethane (Tris), magnesium chloride 

hexahydrate (MgCl2·6 H2O), sodium chloride (NaCl), glacial acetic acid, urea, 

ethylenediaminetetraacetic acid (EDTA), ammonium hydroxide, Stains-All, trimethylamine, 

HPLC grade acetonitrile (MeCN) and toluene-d8 were used as purchased from Sigma-Aldrich. 

Boric acid and GelRed were obtained from Fisher Scientific and used as supplied. Acrylamide/bis-

acrylamide (40% 19:1) solution, ammonium persulfate and tetramethylethylenediamine (TEMED) 

were used as purchased from BioShop Canada Inc. Sephadex G-25 (super fine, DNA grade) was 

purchased from Glen Research. 

For in-house DNA synthesis, the reagents and materials listed below were used. Anhydrous 

acetonitrile, nucleoside derivatized and universal 1000 Å LCAA CPG pre-packed columns 

(loading densities of 25-40 µmol/g), activator (0.25 M ETT in acetonitrile, oxidizer (0.02 M I2 in 

THF/pyridine/H2O), Cap A mix (THF/lutidine/Ac2O), Cap B mix (16% MeIm in THF), and 
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deblock solution (3% DCA/DCM) were all used as purchased from Glen Research. dA-CE, dC-

CE, dmf-dG-CE, and dT-CE, cyanine 3 (Cy3) and cyanine 5 (Cy5) phophoramidites were 

purchased from Glen Research. 

d(An) (n = 7, 10, 12, 15, 18, 20, 30 and 50) oligonucleotides were purchased from Integrated 

DNA Technologies (IDT), purified by PAGE under denaturing conditions (15-24% 

polyacrylamide with 8 M urea, using 1xTBE running buffer) at constant voltage (30 mA, at 250 V 

for the first 30 minutes, followed by 30-60 minutes at 500 V) and desalted with Sephadex G-25. 

Triplex forming oligonucleotides were purchased from IDT desalted and used without further 

purification. 

Muscovite Ruby mica sheets (grade 2) were used as substrate for all AFM imaging studies. 

1xTBE buffer was composed of 45 mM Tris, 45 mM boric acid and 2 mM EDTA at pH 

8.3. 1xTAMg buffer was composed of 40 mM Tris, 7.6 mM MgCl2·6 H2O with pH adjusted to the 

desired value with glacial acetic acid. 1xAcMg buffer was composed of 40 mM acetic acid, 7.6 

mM MgCl2·6 H2O, with pH adjusted 4.5. All buffers were prepared with Milli-Q water and 

samples were prepared with autoclaved Milli-Q water.  

 

3.4.2 Instrumentation 

A Mermade DNA synthesizer from Bioautomation was used for in-house DNA synthesis. 

Gel electrophoresis experiments were carried out on a 20 x 20 cm vertical acrylamide Hoefer 600 

electrophoresis unit. Thermal annealing procedures were carried out using an Eppendorf 

Mastercycler Pro 96 well thermocycler. Electrophoresis gels were scanned with either a CanoScan 

4200F scanner by Canon or a Chemidoc MP Imaging System from BioRad.  

UV-Vis DNA quantification measurements were performed on a BioTek Synergy HT 

microplate reader or a Nanodrop Lite spectrophotometer from Thermo Scientific. Circular 

dichroism (CD) and UV-Vis studies were performed using a 1 mm path length quartz cuvette on 

a Jasco-810 spectropolarimeter equipped with a Peltier temperature control unit and a water 

recirculator. Temperature verification on the CD instrument was performed with a handheld digital 

thermometer (Oakton) equipped with a fine gage thermocouple (Omega). 
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3.4.3 General procedures 

 Unless otherwise indicated, the following general procedures were used. Samples were 

thermally annealed using a 50  5 protocol (50 °C for 10 minutes, followed by cooling to 5 °C at 

a rate of 0.5 °C/min) and incubated overnight at 5 °C prior to any measurements. CD and UV-Vis 

spectra were obtained at 5 °C (230 nm to 350 nm range, 100 nm/min scan rate, 1 nm bandwidth, 

2 accumulations). Ellipticity data (θ) obtained by CD were converted to molar ellipticity [θ], using 

Equation 3.5, where c is the molar concentration of DNA strands and l is the path length (in cm). 

In some cases, UV-Vis absorbance values were converted to molar absorptivity ε in the interest of 

comparing samples obtained at different DNA concentrations. Thermal denaturation of assemblies 

was recorded by following CD and UV-Vis signals at 252 nm over the 5 to 60 °C temperature 

range at 0.5 °C intervals, with a heating rate of 1 °C/min.  The CD and UV-Vis melting data were 

converted to fraction of bases assembled (f) vs. temperature using Equation 3.6, where S is the 

signal at a given temperature, SA is the signal for assembled d(An) species and SF is the signal for 

free d(An) in solution. The melting temperature values (TM) reported represent the temperature at 

which half-dissociation (fraction assembled f = 0.5) was recorded. First derivatives of the CD 

signal versus temperature curves were generated to verify the TM. The values determined from 

both methods differed by less than 1.0 °C. FWHM was determined from the first derivative peak. 

The TM value from the derivative alone was used for the analysis of melting curves for the 

poly(adenine) strands of varying lengths. 

 [θ] = 100 θ
𝑐 𝑙⁄   (Equation 3.5) 

 𝑓 =  
𝑆 − 𝑆𝐹

𝑆𝐴 − 𝑆𝐹
⁄  (Equation 3.6) 

 

3.4.4 Determination of fiber elongation mechanism by FRET 

Synthesis of fluorescently labelled oligonucleotides was performed in house on a 1 µmol 

scale. Coupling efficiency was monitored after removal of the DMT 5’-OH protecting groups. Cy3 

and Cy5 phosphoramidites were coupled manually off-column under inert atmosphere in a glove 

box. Completed sequences were deprotected in a 28% ammonium hydroxide solution for 16 hours 

at room temperature, purified by PAGE under denaturing conditions (20% polyacrylamide with 8 
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M urea, using 1xTBE running buffer) at constant voltage (30 mA, at 250 V for the first 30 minutes, 

followed by 1 hour at 500 V). Following electrophoresis, the bands of purified oligonucleotides 

were excised and recovered from the gel (crushed, covered with water, vigorously shaken, flash 

frozen with liquid nitrogen and kept at room temperature for 16 hours). The solutions were then 

dried down to 1 mL and desalted using size exclusion chromatography (Sephadex G-25). Table 

3.2 shows sequences for test strand d(A20)-2F and strands composing the blunt and staggered 

control duplexes. 

All strands were characterized by denaturing PAGE. DNA was loaded at 0.003 OD260 per 

lane on 20% denaturing PAGE, run at room temperature with TBE running buffer for 30 min at 

250 V followed by 45 min at 500 V and stained with GelRed. The oligonucleotides were analyzed 

by LC-ESI-MS using a Dionex Ultimate 3000 coupled to a Bruker Maxis Impact QTOF in negative 

ESI mode. Samples were run through an Acclaim RSLC 120 C18 column (2.2 µM 120A 2.1 x 50 

mm) using a gradient of 98% mobile phase A (100 mM HFIP and 5 mM TEA in H2O) and 2 % 

mobile phase B (MeOH) to 40 % mobile phase A and 60% mobile phase B in 8 minutes. The data 

was processed and deconvoluted using the Bruker DataAnalysis software version 4.1. 

 
Table 3.2| Schematic representations and sequences of dye-labeled test strand d(A20)-2F and strands composing 

the control duplexes. Arrow direction is from 5’ to 3’. Red circle represents a Cy3 modification; blue circle represents 

a Cy5 modification. a-a’ and b-b’ are complementary 10-mer sequences. 

 

Samples for fluorescence studies were prepared with 0.5 µM total strand concentration to 

ensure that dye absorbance did not exceed 0.1 absorbance units. 1xTAMg pH 6 buffer was used 

for all fluorescence studies. Samples (test strand d(A20)-2F, blunt duplex composed of strands 

C+CB and staggered duplex with strands C+CS, all with 0 or 10 mM CA) were thermally annealed 

from 95 °C to 5 °C over 1 hour and incubated overnight at 5 °C prior to analysis. The blunt and 

staggered duplex constructs were examined by native PAGE. DNA was loaded 0.06 nmol per lane 
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on 8% native PAGE, run at 5°C with 1xTAMg pH 6 running buffer for 150 min at 250 V and 

stained with GelRed. 

A Varian Cary Eclipse fluorescence spectrophotometer equipped with a temperature 

control unit was used for fluorescence measurements. Fluorescence spectra for FRET efficiency 

value determination were acquired at 10 °C, with both excitation and emission slit widths set at 5 

nm to optimize signal intensity, using λEx = 548 nm for Cy3 and collecting Cy3 and Cy5 emission 

from 555 nm to 800 nm with a scan rate of 600 nm/min. Samples were analyzed in triplicate. 

 FRET efficiency (ET) was calculated using Equation 3.7, where FA is fluorescence intensity 

for the acceptor (Cy5, λEm = 667 nm) and FD is fluorescence intensity for the donor (Cy3, λEm = 

564 nm) collected upon excitation of the donor dye. Whereas ET for both the blunt and staggered 

duplexes remained unchanged with the addition of CA, the ET for d(A20)-2F increased with the 

addition of CA from 0.71 ± 0.02 ([CA] = 0 mM) to 0.78 ± 0.03 ([CA] = 10 mM). The high ET 

value for d(A20)-2F in the absence of CA can be attributed to the flexibility of the single strand. 

 𝐸𝑇 =  
𝐹𝐴

𝐹𝐴+𝐹𝐷
  (Equation 3.7) 

 

3.4.5 Combined effect of d(A15) and CA concentration on assembly 

For each of the following d(A15) concentrations – 5, 10, 25, 40, 50 and 75 µM –   a series 

of samples containing different CA concentrations (0, 1, 2, 3, 4, 5, 10, 15 mM) was prepared in 

1xTAMg pH 4.5. Samples were annealed and incubated overnight. The CD and UV-Vis spectra 

were obtained followed by thermal denaturation.  

For each series at a given d(A15) concentration, molar ellipticity [θ] (from CD signal at 252 

nm) and molar absorptivity ε (from UV-Vis absorbance at 260 nm) were used to calculate the 

fraction of DNA assembled (f) at each CA concentration point. The calculation was based on an 

assumption of full assembly (f = 1) at the minimal value in the series (reflecting intensity of 

characteristic CD peak at 252 or more pronounced hypochromicity associated with assembly from 

the absorbance peak) or no assembly (f = 0) at the maximal value.  
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3.4.6 Native PAGE analysis of CA-mediated assembly of d(A15) 

 Native PAGE experiments were performed on the 50 µM d(A15) series in the CA 

concentration range described in section 3.4.5 above.  A total of 0.2 nmol d(A15) was loaded. 

Samples were diluted to a loading volume of 10 uL with 1xTAMg pH 4.5 containing the 

corresponding CA concentration. Samples were kept on ice prior to loading and running of the 8% 

native acrylamide gel at 4 °C (250 V for 150 minutes, stained with Stains-All). It is important to 

note that the gel was polymerized using TAMg pH 8 buffer and then pre-run with 1xTAMg pH 

4.5 buffer containing 10 mM CA as a running buffer (250 V for 90 min), before samples were 

loaded. The same running buffer was used. This procedure was chosen to ensure no spontaneous 

dissociation of assemblies as a result of dilution in a low [CA] environment (preliminary 

experiments showed complete dissociation of assemblies when running buffer without CA was 

used). Triplex forming oligonucleotide (TFO) DNA controls showing differences in gel mobility 

for 15-mer duplex vs. triplex were also analyzed by PAGE. The TFO sequences (Figure 3.9 b) 

were adapted from Torigoe et al.48 Samples were prepared in 6.67 µM total DNA concentration in 

1xTAMg pH 4.5 and annealed (95 °C for 5 minutes, slow cooling down to 4 °C over 4 hours). A 

total of 0.24 nmol DNA was loaded per lane on an 8% native gel that was run at 250 V for 150 

minutes with 1xTAMg pH 4.5 with 10 mM CA as running buffer and stained with Stains-All.  

 

3.4.7 Effect of CA concentration on the TM of CA-mediated assemblies of d(A15) 

To further investigate the dependence of CA-mediated assembly of d(A15) on CA 

concentration, another series of samples was prepared. Samples containing 40 µM d(A15) in pH 

4.5 1xTAMg buffer in a range of CA concentrations (0, 1.2, 2.4, 3.6, 4.8, 6, 9, 12, 15 and 18 mM) 

were prepared in triplicate, annealed and incubated overnight. CD and UV-Vis spectra were 

obtained followed by thermal denaturation.  

 

3.4.8 Effect of strand length on CA-mediated assembly of d(An) 

Samples containing d(A)n strands (n = 7, 10, 12, 15, 18, 20, 30 and 50) were prepared with 

10 mM CA in pH 4.5 1xTAMg buffer, were annealed and incubated overnight. DNA concentration 

was normalized to 150 µM total d(A) bases (concentration in d(An) strands: 21.4, 15, 12.5, 10, 8.3, 
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7.5, 5 and 3 µM for n = 7, 10, 12, 15, 18, 20, 30 and 50 respectively). CD and UV-Vis spectra 

were obtained. The samples were then thermally denatured at a rate 0.5 °C/min, following the CD 

and UV-Vis signals at 252 nm at 0.2 °C intervals from 5 to 60 °C. For samples with a single 

melting transition (d(An) where n = 7, 10, 12 and 15), TM was the temperature at which half-

dissociation (fraction assembled f = 0.5) of the assembly occurred. First derivatives of the CD 

signal vs. temperature curve were generated to verify the TM. The values determined from both 

methods differed by less than 1 °C. In the case of melting curves with multiple melting transitions 

((d(An) were n = 18, 20, 30 and 50), only values from the peaks of the first derivative traces were 

used to determine TM values. 

For samples with various [CA] (0, 3, 4, 5, 7.5, 10, 12.5 and 15 mM CA) in combination 

with d(A)n strands (n = 7, 10, 15, 20 and 30), the same strand concentrations as above were used. 

CD spectra were obtained at 5 °C. Samples were thermally denatured at a rate 1 °C/min, following 

the CD signal at 252 nm at 0.5 °C intervals from 5 to 50 °C (or lower for short strands). 

Calculations of fraction assembled were carried out as described in section 3.4.5. 

d(A15), d(A30) and d(A50) samples were imaged by AFM in solution. A 5 µL drop of sampe 

diluted in 5x in 1xTAMg pH 4.5 with 10 mM CA was deposited on a freshly cleaved mica surface 

and incubated for 2 minutes followed by addition of 50 µL of filtered 1xTAMg pH 4.5 with 10 

mM CA to the closed MTFML (Bruker) fluid cell. Topography images were acquired by AFM 

carried out under ambient conditions using a MultiMode 8 microscope with a Nanoscope V 

controller (Bruker) in ScanAsyst mode. Silicon nitride levers with nominal spring constant of 0.7 

N/m, resonant frequency of 150 kHz and tip radius < 20 nm were used (ScanAsyst Fluid). All 

images were captured at a 1.11 Hz scan rate and a resolution of 512 x 512 pixels. 

 

3.4.9 Acquisition of TH profiles and isothermal kinetics measurements  

Samples contained 50 µM d(A15) and 10 or 15 mM CA, and 75 µM d(A10) and 15 mM 

CA in 1xAcMg pH 4.5. CD and UV-Vis absorbance were monitored at 252 nm for annealing and 

melting, Table 3.3 summarizes the start and end temperature conditions as well as rates of 

temperature change used for each sample set. The melting/annealing rates were selected to ensure 

good separation between the curves. Samples were maintained at the top temperature for 5 minutes 

before annealing and at 2 °C for 5 minutes before melting. A layer of silicon oil was applied on 
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top of the sample solution to minimize evaporation. A stream of nitrogen gas was supplied to the 

sample chamber to prevent condensation on the cuvette with heating. Curves were obtained in 

triplicate. Sample TH profiles obtained by CD and UV-VIS are shown in Figure 3.22. 

 

 Strand [d(An)] 
(µM) 

[CA] 
(mM) 

Top and bottom 
temperatures 

(°C) 

Scan rates 
(°C/min) 

Isothermal 
kinetics 

temperatures (°C) 
1 d(A15) 50 15 65 / 2 ± 0.5, 1, 2, 3, 4, 5 10, 15, 20, 25 
2 d(A15) 50 10 55 / 2 ± 0.2, 0.5, 1, 2, 3, 4 5, 10, 15, 20 
3 d(A10) 75 15 50 / 2 ± 0.2, 0.5, 1, 2, 3, 4 10, 15, 17.5, 20 

Table 3.3| Sample set description, melting/annealing scan parameters and temperatures used for isothermal 

kinetics measurements. 

 
Figure 3.22| Sample TH profiles obtained by CD and UV-Vis absorbance at 252 nm. a) Profiles obtained by CD. 

b) Profiles obtained by UV-Vis absorbance. From left to right: d(A15) with 15 mM CA; d(A15) with 10 mM CA; d(A10) 

with 15 mM CA. Parameters for data acquisition are listed in Table 3.3. 

 



176 

Isothermal assembly kinetics experiments were performed at the temperature settings listed 

in Table 3.3 using a temperature jump method. The sample was heated at 65 °C for 5 minutes 

before being placed directly at the target temperature in the CD sample chamber. CD and UV-Vis 

absorbance signals at 252 nm were monitored at 1 s intervals for 30 minutes. Curves were obtained 

in triplicate. 

 

3.4.10 Thermal correction of TH profiles 

The temperature control unit of the CD instrument used to obtain thermal melting and 

annealing data adjusts and reports the temperature of the sample block housing the sample cuvette 

during the experiment. There is no internal check verifying that sample temperature matches the 

one recorded by the instrument. Discrepancies in temperature vary with experimental scan rate and 

scan direction (heating vs. cooling).  To quantify the temperature discrepancy and correct the 

measured block temperatures, the temperature of a buffer solution was monitored with a digital 

thermocouple during heating and cooling scans between 5 and 65 °C (heating block temperature) 

at various scan rates (± 0.5, 1, 2, 3, 4 and 5 °C min-1, where positive and negative values denote 

heating and cooling scans respectively). 

Strongly linear correlations between solution and block temperatures (represented by 

Equation 3.8, R2 = 0.99 to 1.00) were measured for all scan rates (Figure 3.23), where m is the 

slope of the temperature correlation and b is the intercept corresponding to the temperature offset. 

The values of m were found to be ~ 0.985 across all scan rates (Figure 3.24 a). The values for b 

were found to have a linear correlation with scan rate (Figure 3.24 b), allowing interpolation of 

the offsets at slow scan rates (such as ± 0.2 °C min-1) using Equation 3.9. 

 

 𝑇𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛 = 𝑚 𝑇𝐵𝑙𝑜𝑐𝑘 + 𝑏  (Equation 3.8) 

 𝑏 = −0.5578
𝑑𝑇

𝑑𝑡
+ 1.9421 (Equation 3.9) 
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Figure 3.23| Correlations between block and solution temperatures at different scan rates. Scan rates: a) ± 0.5 

°C min-1, b) ± 1 °C min-1, c) ± 2 °C min-1, d) ± 3 °C min-1, e) ± 4 °C min-1, f) ± 5 °C min-1. Data points for cooling 

(-) and heating (+) scans are shown as blue and red circles respectively. Linear fits to the correlations are shown as 

black lines, with the equations describing the fit displayed in the corresponding colour. 

  

For all experimental thermal melting and annealing data, the block temperature was 

corrected by applying Equation 3.8, using m = 0.985 and b = temperature offset at a given scan 

rate. This correction shifted the TH profiles to different temperature domains depending on scan 

rate, such that a linear interpolation was necessary to place them in the same temperature sampling 

domain, with data sampling at the same interval as the uncorrected experimental data (0.5 °C). 

Panels c and d of Figure 3.24 show an example of TH profiles after the UV-Vis absorbance data 

set has been temperature-corrected and interpolated (a replicate of d(A15) with 15 mM CA data set 

is shown). The same treatment was applied to all data for CA-mediated assembly of d(An). The 

temperature-corrected and interpolated UV-Vis data were used for all following analyses. 
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Figure 3.24| Temperature correction of TH profiles. a) Slopes from the correlations in Figure 3.23 as a function 

of scan rate. The mean slope m = 0.9848 is indicated by the dashed black line. b) Solution temperature offset with 

respect to block temperature obtained from correlations in Figure 3.23 as a function of scan rate (dT/dt). The linear 

fit is shown as a black line. c) Uncorrected (dashed lines) and temperature-corrected (blue and red lines for annealing 

and melting respectively) TH profiles for d(A15) with 15 mM CA. d) Linearly interpolated TH profiles (blue and red 

circles for annealing and melting respectively) overlaid with temperature corrected profiles from panel c. Every third 

interpolated point is shown for clarity. The interpolation was performed to place the corrected data in the same 

temperature domain at a 0.5 °C sampling frequency. 

 

3.4.11 Model-free analysis of TH profiles 

The analysis was performed by RWH. The temperature-corrected and interpolated UV-

Vis absorbance TH profiles obtained at the given annealing/melting rates (Table 3.3) were first fit 
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with linear baselines for assembled (AF) and monomeric (AU) signals according to Equations 3.10 

and 3.11, where mF/bF and mU/bU are the slope/intercept for the folded and monomeric baselines 

respectively. Using the baselines, the TH profiles were converted to fraction unfolded θU using 

Equation 3.12, where A(T) is an absorbance data point on the melting/annealing curve. θU(T) takes 

on limiting values of 0 and 1 respectively at low and high temperatures, corresponding to fully 

assembled and fully disassembled states. At each temperature point, the total d(An) concentration 

in the sample CT, is related to the concentrations of the monomeric [M] and assembled states [F] 

according to Equation 3.13, where N is the number of monomers within the assembly. θU was used 

to calculate [M](T) using Equation 3.14. 

 𝐴𝐹(𝑇) = 𝑚𝐹𝑇 + 𝑏𝐹  (Equation 3.10) 

 𝐴𝑈(𝑇) = 𝑚𝑈𝑇 + 𝑏𝑈  (Equation 3.11) 

 𝜃𝑈(𝑇) =
𝐴(𝑇)−𝐴𝐹(𝑇)

𝐴𝑈(𝑇)−𝐴𝐹(𝑇)
  (Equation 3.12) 

 𝐶𝑇 = [𝑀](𝑇) + 𝑁[𝐹](𝑇) (Equation 3.13) 

 [𝑀](𝑇) = 𝜃𝑈(𝑇)𝐶𝑇  (Equation 3.14) 

 

 The slopes of monomer concentration with respect to temperature 𝑑

𝑑𝑇
[𝑀](𝑇) were 

calculated numerically using rolling window regression where the derivative of a 3rd order 

polynomial fit to the calculated [M](T) in a centered five point moving window (experimental 

increment of 0.5 °C between data points) is used to calculate local slope (movingslope49 function 

in MATLAB). The rate of change of [M](T) with time 𝑑

𝑑𝑡
[𝑀](𝑇) was obtained from the slopes 

and heating/cooling rate according to Equation 3.15 (rate is positive for heating and negative for 

cooling). The heating/cooling rate dependent 𝑑

𝑑𝑡
[𝑀](𝑇) and [M](T) were used to build 3D surface 

maps of supramolecular assembly with temperature as the 3rd axis. 

 𝑑

𝑑𝑡
[𝑀](𝑇) =

𝑑𝑇

𝑑𝑡

𝑑

𝑑𝑇
[𝑀](𝑇) (Equation 3.15) 

 

 To determine apparent reaction orders through the annealing/melting transitions, slices of 

the surfaces were taken at sequential temperature points and log-log analysis was applied using 

Equations 3.1-3.4. The intercepts correspond to effective rate constants kon and koff, however, they 
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contain contributions from a number of processes and are not meaningful for supramolecular 

pathway analysis. The method for extraction of effective reaction orders using model-free analysis 

outlined above requires: (i) adequate separation between curves obtained at different 

melting/annealing rates, i.e. melting/annealing profiles acquired at different melting/annealing 

rates must differ from each other substantially more than the scatter due to experimental noise; (ii) 

assembly and disassembly portions of TH data occurring independently of each other (a three-fold 

difference in calculated annealing/melting rates in the middle of the annealing transition at the 

slowest rate of temperature change is deemed sufficient); (iii) analysis is restricted to the ~10-90% 

θU region for the rate vs. concentration plots for better accuracy, away from the baseline regions. 

 

3.4.12 Global fit of TH profiles 

The global fits were carried out by RWH. The TH profiles were globally fit with the 

Goldstein-Stryer model for cooperative polymerization (Scheme 3.1),43 assuming reversible, 

cooperative stepwise association of monomers M to form nuclei Ms, which then elongate into fibers 

MN. There are two distinct phases in the model: (i) Pre-nucleus equilibria governed by nucleation 

rate constants kn+ and kn-; (ii) Post-nucleus equilibria governed by elongation rate constants ke+ 

and ke-. To limit the number of equations that must be numerically integrated, only fibers up to 

size N are explicitly described. All larger structures are treated as a reversibly formed fibril pool 

P, an approximation from Korevaar et al. that was shown to improve numerical accuracy compared 

to truncation at a fiber length of N.31,34 The rate equations presented in Scheme 3.2 describe the 

model. 

 
Scheme 3.1| The Goldstein-Stryer model for cooperative self assembly with reversible 

fibril pool approximation from Korevaar. The monomer M associates in a step-wise 

manner to form a nucleus of a defined size Ms which then elongates to give large 

assemblies. The two regimes are defined by nucleation and elongation rate constants. The 

case for a nucleus size s = 2 is shown (M2). Post-nucleus oligomers elongate up to an 

explicitly described size of N beyond which they are treated as a fibril pool P according to 

the approximation by Korevaar et al.  
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Scheme 3.2| Ensemble of rate equations describing the Goldstein-Stryer cooperative polymerization model, 

including the reversible fibril pool from Korevaar et al. 

 

The global fits assumed that kn+ = ke+,31 and the temperature dependence of rate constants 

are given by Equation 3.16,  where k0 is the rate constant at a reference temperature Tref and Ea is 

the activation energy. The fits also allowed for non-zero nucleic acid ∆𝐶𝑝s46,50 in the nucleation 

and elongation steps by including the ∆𝐶𝑝
‡ parameter in calculating temperature-dependent 

activation energies according to Equation 3.17, where En+0 is the activation energy at the reference 

temperature. Only the forward equation is shown for brevity. The differential rate equations from 

Scheme 3.2 were numerically integrated as a function of temperature using inverse heating/cooling 

rate dt/dT and fractions of unfolded polymer θU and polymerized state θF according to Equations 

3.18 and 3.19 to calculate absorbance profiles using Equation 3.20. 
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 𝑘(𝑇) = 𝑘0𝑒
𝐸𝑎
𝑅

(
1

𝑇𝑟𝑒𝑓
−

1

𝑇
)
  (Equation 3.16) 

 𝐸𝑛+(𝑇) = 𝐸𝑛+
0 + ∆𝐶𝑝

‡(𝑇 − 𝑇𝑟𝑒𝑓)  (Equation 3.17) 

 𝜃𝑈 =
[𝑀]

𝐶𝑇
 (Equation 3.18) 

 𝜃𝐹 =
∑ 𝑖[𝑀𝑖]+[𝑍]𝑁

𝑖=2

𝐶𝑇
 (Equation 3.19) 

 𝐴(𝑇) = 𝐴𝐹(𝑇)𝜃𝐹(𝑇) + 𝐴𝑈(𝑇)𝜃𝑈(𝑇) (Equation 3.20) 

 

 Global fits to TH profiles were carried out by varying kinetics parameters to minimize the 

residual sum of squares (RSS) between experimental and fitted absorbance data according to 

Equation 3.21, where 𝐴𝑗
𝑒𝑥𝑝(𝑇𝑘) and 𝐴𝑗

𝑐𝑎𝑙𝑐(𝑇𝑘, 𝜉) are the jth experimental and fitted absorbance 

respectively, Tk is the kth experimental temperature and ξ is the set of rate constants, activation 

energies and ∆𝐶𝑝s describing the supramolecular polymerization.  

 𝑅𝑆𝑆 = ∑ ∑ (𝐴𝑗
𝑒𝑥𝑝(𝑇𝑘) − 𝐴𝑗

𝑐𝑎𝑙𝑐(𝑇𝑘, 𝜉))𝑘
𝑁
𝑗=1

2
 (Equation 3.21) 

 

The nucleus size s was varied from 1 to 7 (1 represents an isodesmic polymerization ke+ = kn+ and 

ke- = kn-) to optimize the fit and agreement with experimentally determined apparent reaction orders 

n. As mentioned in section 3.2.4, s = 3 gave the best fit for d(A15) with 15 mM CA (Figure 3.25). 

An s = 3 nucleus size also gave the best fit for d(A15) with 15 mM CA (s varied from 2 to 3) and s 

= 2 gave the best fits for d(A10) with 15 mM CA (s varied from 2 to 4). Changing the fiber size 

value N (N = 50, 100, 200) was not shown to affect global fit results, highlighting the utility of the 

reversible fibril pool approach from Korevaar et al.31,34 The global fit parameters at given reference 

temperatures are presented in Table 3.4.  
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Figure 3.25| Global fit quality as a function of nucleus size s for d(A15) with 15 mM CA. The reduced RSS (RSSred) 

was calculated as RSS0/DF (DF = # points - # fit parameters). 

 

Sample d(A15) / 15mM CA d(A15) / 10mM CA d(A10) / 15mM CA 
Nucleus size (s) 3 3 2 

Reference temperature (°C) 25 15 18 

Activation 
energies 

En+ = Ee+ 14.5 ± 1.1 31.2 ± 1.9 28.5 ± 1.7 
En- 96.4 ± 2.0 110.6 ± 3.4 146.0 ± 4.2 
Ee- 133.0 ± 0.8 74.6 ± 2.6 65.2 ± 2.2 

Rate 
constants 

kn+ = ke+ (6.7 ± 0.2) × 104 (5.0 ± 0.6) × 105 (1.8 ± 0.1) × 104 
kn- 6.8 ± 0.3 (3.7 ± 0.7) × 102 6.4 ± 0.8 
ke- (5.8 ± 0.4) × 10-2 4.9 ± 0.7 (3 ± 0.2) × 10-1 

Heat 
capacities 

∆Cp‡n+ = ∆Cp‡e+ 5.2 ± 0.3 1.0 ± 0.5 6.2 ± 0.3 
∆Cp‡n- 5.5 ± 0.5 -2.3 ± 0.9 13.2 ± 0.6 
∆Cp‡e- 0.5 ± 0.2 -0.6 ± 0.5 5.2 ± 0.3 

Table 3.4| TH global fit parameters for CA-mediated d(An) assembly using the Goldstein-Stryer cooperative 

polymerization model at reference temperatures.43 Activation energies (in kcal mol-1) and rate constants (in M-1 

min-1 and min-1 for forward and reverse steps respectively) are given at the listed reference temperatures. Activation 

heat capacities are given in kcal mol-1 K-1. 

 

Errors in the global fit parameters were calculated using a variance-covariance matrix51 

given by Equation 3.22, where RSS is the residual sum of squared differences between 

experimental and fitted data points, DF is the degrees of freedom in the fit (N data points minus Φ 

parameters of the global fit),  𝑊̂ is a diagonal matrix of fitting weights (all taken to be 1 in this 

case), 𝑋̂ is a matrix of first derivatives of the differences between experimental and calculated data 
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points with respect to increments in each of the adjustable parameters. The diagonal elements in 𝑉̂ 

are the variances of optimized parameters, while the off-diagonal elements are covariances 

between the errors of optimized parameters. Errors in fitted parameters were expressed as the 

square root of the variances.  

 𝑉̂ =
𝑅𝑆𝑆

𝐷𝐹
 (𝑋̂ 𝑊̂ 𝑋𝑇̂)

−1
  (Equation 3.22) 

 

The activation free energies for the reaction coordinates were calculated with the Eyring 

equation. Sample equations for the conversion of monomer (1) to dimer (2) and back are given as 

Equation 3.23 and Equation 3.24 respectively, where kB and h are the Boltzmann and Plank 

constants respectively, [M]ave is the average monomer concentration obtained from log-log plots, 

and the conversion factor of 60 accounts for the unit change from min-1 to s-1 for fitted rate 

constants. Analogous equations are used for subsequent steps in the polymerization, using kn+/kn- 

and ke+/ke- as applicable to each step along the reaction coordinate. 

 ∆𝐺1→2
‡ = −𝑅𝑇 𝑙𝑛 (

𝑘𝑛+[𝑀]𝑎𝑣𝑒

60
𝑘𝐵𝑇

ℎ

⁄ )  (Equation 3.23) 

 ∆𝐺2→1
‡ = −𝑅𝑇 𝑙𝑛 (

𝑘𝑛−

60
𝑘𝐵𝑇

ℎ

⁄ )  (Equation 3.24) 

 

 The monomer was assigned a free energy of 0 kcal mol-1 as the reference state and 

subsequent free energies were calculated according to Equation 3.25, where the sum runs to the 

final position along the trajectory (hexamer in this case). A cubic spline was fitted to the calculated 

free energy points to generate the smooth, quantitative reaction coordinates with distances between 

trough and peak corresponding to the activation energy for a given barrier. 

 𝐺𝑗 = 𝐺1 + ∑ ∆𝐺𝑖
‡11

𝑖=2   (Equation 3.25) 
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4| Long-range ordering of blunt-ended 

DNA tiles on supported lipid bilayers 

 

 

 
 
 

This chapter is composed of work published as “Long-range ordering of blunt-ended 

DNA tiles on supported lipid bilayers” by N Avakyan, JW Conway & HF Sleiman, J. 

Am. Chem. Soc. 139, 12027-12034 (2017). 

  



190 

 

 
 

 

Crystalline 

Models:    Spread hexagons, Pinwheel, Star twist 
Basket weave, Daisy chains, Roman church floor tiling 
Double triangle sawtooth, Château-Chinon tiling, 3.6.3.6 tiling 
 
Eric Gjerde. Origami tessellations: Awe-inspiring geometric designs. CRC Press (2008). 

Folding, photography and image editing: Nicole Avakyan 



191 

Contributions 

NA designed and performed all experiments described in this chapter and analysed the 

results obtained. Justin W. Conway initiated the project and performed preliminary experiments.  

 

4.1 Introduction 

DNA has emerged as a promising material to build extended networks that enable precise 

organization of nanomaterials1-3 and proteins.4-7 These DNA platforms are found predominantly 

as long-range 2D tile-based assemblies8,9 and as networks of origami structures.10,11 DNA tiles 

have been used to form 2D-crystalline networks of various geometries, taking advantage of the 

cohesion of short sticky ends to grow extended arrays on surfaces.12  Various strategies have also 

been employed to enable long-range 2D assembly of DNA origami structures.13 Whereas 

individual DNA origami nanostructures are built from a large number of unique strands, small tiles 

require only a few component strands8,14 – an advantage of the tile-based approach that could 

simplify design and application, as well as improve scalability. 

Traditionally, programmable and long-range assemblies from DNA have been achieved 

through DNA hybridization between building blocks, whether using short sticky ends or staple 

strands.14-16 However, there has been increasing interest in using base stacking (π-stacking between 

nucleobases) at the blunt ends of DNA duplexes to build large structures. “Blunt-ended” structures 

do not have single-stranded complementary ends, thus they are not capable of assembling via base-

pairing, but rather by -stacking of their duplex ends. Base stacking, rather than hybridization 

through hydrogen bonding, is in fact thought to be the dominant stabilizing force in the formation 

of a DNA double helix from complementary strands.17 The dynamic character of DNA base-

stacking can ensure efficient error correction for long-range assembly and 2D-crystallization. In 

addition, this interaction can possibly give rise to morphologies differing from those obtained with 

traditional DNA base-pairing. One dimensional arrays of three-helix bundle DNA motifs have 

been produced from building blocks presenting blunt duplex ends at their edges.18 Furthermore, 

the addition of shape complementarity as a design tool has extended the specificity of this strategy, 

was used to build programmable DNA origami arrays in 2D19  and complex dynamic structures 

from 3D origami components.20 
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Of particular interest in DNA nanotechnology development is interfacing DNA self-

assembly with lipid bilayer organization. Lipid membranes organize cell contents through 

compartmentalization, serve as the interface for various functions such as transport and signalling, 

while providing a fluid framework to anchor and organize membrane proteins. Moreover, lipid 

bilayers are highly ordered fluid materials that provide an ideal environment to direct DNA 

nanostructures to surfaces while maintaining their native structures.21,22 To test the possibilities of 

such systems, a number of nanostructures, including DNA origami23-28 discrete DNA scaffolds,29-

32 3D-DNA cage structures33,34 and tile networks35 have been anchored to lipid bilayers with the 

addition of hydrophobic modifications such as porphyrins, lipid analogs, cholesterol or 

amphiphilic backbone conjugates. 

Such structures represent potential tools to mimic or probe membrane-related cellular 

events,36 but also to build long-range, dynamic platforms that organize functional molecules in 2D 

on a soft, fluid support. DNA binding to lipid membranes depends on lipid bilayer composition 

(length and unsaturation of hydrophobic tails, headgroup charge, presence of cholesterol, 

membrane proteins etc.), lipid bilayer phase behavior, and external factors such as counterion 

charge and concentration, that are relevant to the electrostatic binding of DNA to the bilayer 

surface.22 Polymerization of cholesterol-anchored DNA origami tiles into organized networks, 

assisted by the addition of staple strands, has been reported.27 In addition, the work by Suzuki et 

al. has notably demonstrated that unmodified, blunt-ended DNA origami tiles can bind 

electrostatically to a fluid lipid bilayer and form large lattices.37 Furthermore, tile diffusion on this 

substrate promotes error correction during lattice formation and elimination of blunt-end contacts 

leads to tile rearrangement into a new packing mode. 

This chapter reports a facile and scalable method to pattern DNA nanostructures on lipid 

bilayers. This method combines orthogonal interactions – base stacking between blunt-ended DNA 

duplexes in addition to cholesterol-mediated DNA anchoring and electrostatic binding to lipid 

bilayers – to achieve the long-range ordering of small DNA tiles on bilayers with minimal defects. 

We report on the formation of extensive, micrometer-sized 2D DNA tile arrays from blunt-ended 

three-point star (3PS)8,38 tiles on phosphatidylcholine supported lipid bilayers (SLBs). The tiles 

were either unmodified (U) or conjugated to a cholesteryl-TEG (CHOL) anchor (Figure 4.1 a) 

and their deposition on SLBs was studied by atomic force microscopy (AFM). At room 

temperature, the DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine) and DPPC (1,2-dipalmitoyl-
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sn-glycero-3-phosphocholine) lipid bilayers under investigation present fluid (liquid disordered) 

and gel-phase behavior respectively (Figure 4.1 b), leading to distinct interaction with U and 

CHOL tiles depending on bilayer composition. On fluid DOPC bilayers, the CHOL tiles form 

extensive hexagonal arrays, while U tiles do not bind. In contrast, on the gel-like DPPC bilayers, 

both the U and CHOL tiles assemble into long-range networks enabled by Mg2+-mediated 

electrostatic binding. The divergent tile interactions with fluid and gel-phase bilayers are best 

observed for a 1:1 mixture of CHOL and U tiles in mixed bilayer DPPC:DOPC systems. Here, 

the mixture phase-separates into a DOPC phase with CHOL tiles only, and a DPPC phase with 

CHOL and U tiles. 

 
Figure 4.1| Three-point star (3PS) tile deposition on supported lipid bilayers (SLBs). a) Schematic representation 

of unmodified (U) and cholesteryl-TEG (CHOL) modified blunt 3PS tiles and their deposition on supported lipid 

bilayers. b) Structures of DOPC and DPPC, which adopt fluid and gel-phase behaviour respectively at ambient 

conditions. 

 

Furthermore, on DPPC, new tile binding motifs emerge at higher DNA tile concentrations. 

Tile packing density and therefore array patterns are dependent on tile concentration, illustrating 

a delicate balance between base-stacking and bilayer-mediated tile-tile interactions. Balancing the 

dynamic interactions at play, tiles on the lipid bilayer surface lose blunt-end contacts and rearrange 

into progressively denser but still highly organized packings (Honeycomb, Honeycomb + Filled 

Voids, Parallel, Ridges and Superpacked), to maximize electrostatic contacts between the bilayer 
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surface and DNA. Disrupting the -stacking interactions by introducing T-loops on the tile-arm 

ends prevents any tile organization on SLBs. Similar trends are observed with a tile of different 

geometry, the cross (X)4 tile. 

 

4.2 Results and discussion 

4.2.1 3PS tile design and characterization 

To study the deposition and higher order assembly of small DNA tiles on supported lipid 

bilayers, we have adapted the 3PS tile conceived by the Mao group.8 The simple 3PS tile design 

follows the principle of sequence symmetry, thus minimizing the number of strands required for 

tile assembly and restricting the necessary sequence space, in contrast to larger and more complex 

DNA structures such as DNA origami.39 The geometry of the tile, with 3 arms oriented 

symmetrically at 120° angles (Figure 4.2 a), was originally designed to produce hexagonal, or 

honeycomb, arrays through the interaction of short self-complementary sticky ends on each tile-

arm. 

To maximize the dynamic nature of the interactions between tiles on a fluid support such 

as a lipid bilayer, thus favoring tile rearrangement and error correction in the formation of large 

arrays, we have instead focused on blunt-ended tiles, which are expected to interact through π-

stacking interactions between duplex ends.19,37,40,41 Unmodified (U) and cholesteryl-TEG 

conjugated (CHOL) tiles were prepared (Figure 4.1 a). The cholesteryl modification was selected 

due to its well-documented interactions with lipid bilayers as an anchoring unit for DNA 

nanostructures.21,22 The moiety was introduced at the 3’-end of the central tile strand because of 

considerations for spatial separation between the anchor and tile-arm ends, as well as ease of 

synthesis. 

Strand purity was assessed by denaturing polyacrylamide gel electrophoresis (PAGE) 

analysis (Figure 4.2 b), and additionally by liquid chromatography electrospray ionization mass 

spectrometry (LC-ESI-MS) for the modified strand S1 CHOL (Figure 4.3). Correct assembly of 

U and CHOL 3PS tiles was assessed by non-denaturing PAGE analysis (Figure 4.4). Blunt-ended 

tiles do not form aggregates detectable by PAGE, as no bands for structures larger than individual 

tiles were observed.   
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Figure 4.2| 3PS tile structure and strand characterization. a) Schematic representation of the U blunt-ended 3PS 

tile composed of strands S1, S2 and S3 in 1:3:3 stoichiometry. CHOL tiles are prepared with strand S1 CHOL. b) 

Denaturing PAGE (12%, 1xTBE, 30 min at 250 V followed by 45 min at 500 V) of 3PS tile component strands. Lane 

description: 1. S1, 2. S1 CHOL, 3. S2, and 4. S3. 

 

 
Figure 4.3| LC-ESI-MS characterization of cholesterol modified strand S1 CHOL. LC trace detected by 

absorbance at 260 nm (top) and mass spectrum (bottom) for strand S1 CHOL (calculated MW = 22 839 g/mol). 
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Figure 4.4| Assembly of blunt-ended 3PS tiles analyzed by native PAGE. a) U tile (composed of strands S1, S2 

and S3). b) CHOL tile (composed of strands S1 CHOL, S2 and S3). Lane description for (a): 1. S3, 2. S2, 3. S1, 4. 

S1+S2 (1:1), 5. S1+S2 (1:2), 6. S1+S2 (1:3), 7. S1+S2+S3 (1:3:1), 8. S1+S2+S3 (1:3:2), 9. S1+S2+S3 (1:3:3). For 

(b), same lane description but using the S1 CHOL strand. Native PAGE 6%, TAMg running buffer, 90 min at 120 V 

and 5 °C. 

 

4.2.2 3PS tile deposition on DOPC and DPPC 

The deposition of U and CHOL 3PS tiles was studied on SLBs by AFM at ambient 

conditions in the presence of pH 8.0 Tris-acetate buffer containing 12.5 mM Mg2+ (TAMg), a 

standard buffer for the preparation of DNA nanostructures. The SLBs were produced from DOPC 

and DPPC, synthetic lipids with zwitterionic phosphatidylcholine headgroups (Figure 4.1 b). 

DOPC, the unsaturated variant, exists in a fluid (liquid disordered) phase at room temperature 

whereas DPPC, the saturated variant, is in a gel state. Stable anchoring of DNA nanostructures 

with cholesterol and other lipophilic modifications to DOPC bilayers has been previously 

reported22 and unmodified DNA origami tiles are also known to bind to DOPC in the presence of 

Mg2+.37 The presence of Mg2+ also enables binding of DNA nanostructures to DPPC bilayers35 and 

preferential binding to the liquid ordered domains in mixed bilayer systems (in bilayers composed 
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of phospholipids and cholesterol).22 Such preferential partitioning of unmodified vs. cholesterol-

anchored nanostructures has been reported for DNA origami rods.42  

 
Figure 4.5| 3PS tiles on supported DOPC bilayers. AFM images of: a) U tiles; b) CHOL tiles, close-up of 

honeycomb tile array (right). VDep = 2 µL, 0.5 µM tile solution. Scale bars as indicated on the images. 

 
When deposited on DOPC bilayers, U tiles were found to bind preferentially to areas of 

exposed mica rather than the lipid bilayer (Figure 4.5 a), forming small areas of honeycomb array 

with many defects. On the other hand, CHOL tiles were mostly found on the DOPC bilayer, 

forming much larger, micrometer-sized areas of highly ordered honeycomb array mediated by 

blunt-end stacking interactions between the tile arm ends (Figure 4.5 b). Previous work has shown 

that unmodified DNA nanostructures such as large origami tiles can bind to DOPC electrostatically 
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in the presence of Mg2+ cations.37 In contrast, the smaller surface area and less DNA-dense 

structure of the 3PS tile might explain the absence of U tile binding to DOPC in the present case. 

The small tile size may further favor diffusion and reorientation of CHOL tiles preferentially 

landing on the fluid DOPC bilayer, leading to the formation of larger defect-free honeycomb 

arrays. 

 
Figure 4.6| 3PS tiles on supported DPPC bilayers. AFM images of: a) U tiles, b) CHOL tiles, close-up of 

honeycomb tile array (right). VDep = 2 µL, 0.5 µM tile solution. Scale bars as indicated on the images. 

 

In contrast to the divergent binding behaviour of U and CHOL tiles dependent on the 

anchoring cholesteryl moiety on DOPC, both U and CHOL tiles bound to the DPPC bilayer, with 

virtually no tiles detected on exposed mica areas (Figure 4.6). The electrostatic binding interaction 
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between zwitterionic headgroups of DPPC lipids and the negatively charged DNA backbone 

depends on the presence of divalent cations such as Mg2+ and Ca2+.43,44 The preferential binding 

of double-stranded DNA to liquid ordered (gel-phase) zwitterionic lipid bilayers over fluid bilayers 

has been reported and attributed to the closer packing of lipid molecules in the gel-phase and thus 

a higher charge density on the bilayer surface.45 Both U and CHOL tiles bound to DPPC formed 

large honeycomb array domains. The surface diffusion of tiles bound to DPPC is expected to be 

lower than on DOPC due to the gel-phase behaviour of the DPPC bilayer.42 However, it appears 

that the DPPC surface still allows for more diffusion than the mica surface in the same buffer 

conditions, as U and CHOL tiles deposited on bare mica form networks with more defects (Figure 

4.7). 

 
Figure 4.7| U and CHOL 3PS tiles deposited on mica. AFM images of: a) U tiles, b) CHOL tiles. VDep = 2 µL, 

scale bar = 400 nm, inset scale = 50 nm. 

 

4.2.3 Volume of deposition (VDep) dependent 3PS tile packing on DPPC 

3PS tiles do not only form hexagonal arrays on DPPC as higher-density ordered 

morphologies were also detected. This observation led us to further investigate how tile 

concentration, or more practically, the volume of tile deposition (VDep), influences tile packing on 

the bilayer surface. All AFM imaging was carried out using 0.5 µM tile concentration and VDep 
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describes the volume (in µL) of this stock solution deposited on a prepared supported lipid bilayer 

surface.  By increasing VDep of 3PS tiles on DPPC, we could identify several distinct tile deposition 

patterns for both U and CHOL tiles (Figure 4.8). 

Five different tile packing modes were detected (VDep from 1 µL to 10 µL), with tile density 

on the surface increasing progressively with increasing VDep. The packing stages (Figure 4.9) will 

be referred to as follows: Honeycomb, Honeycomb + Filled Voids, Parallel, Ridges and 

Superpacking. At low VDep (U tiles at 1 µL and CHOL tiles at 1, 2 and 4 µL VDep), only areas of 

honeycomb arrays were detected. In the next packing stage (U tiles at 3.5 µL VDep), the hexagonal 

voids in the Honeycomb network were occupied by individual tiles (Honeycomb + Filled Voids). 

In this arrangement, electrostatic contacts between the DNA tiles and bilayer surface are 

maximized without affecting the blunt-end stacking interactions that bring about the formation of 

long-range honeycomb assemblies. 

However, with further increases to VDep (U and CHOL tiles at 5 µL and 10 µL VDep), the 

hexagonal array is disrupted in favour of denser packings where tiles form parallel lines, ridges 

and zig-zag arrangements (Parallel, Ridges and Superpacking respectively). These tile packing 

modes share some characteristics, namely that tiles form side by side parallel lines (Figure 4.10), 

possibly to take advantage of tile-shape complementarity and minimize void space in the resulting 

pattern.  Although in the Parallel packing mode, it is not possible to detect the orientation of 

adjacent tiles, both the Ridges and Superpacking modes feature alternating orientations of adjacent 

tiles. Ridges refer to parallel lines formed of tile pairs of alternating orientation through blunt-end 

stacking interactions of one tile-arm. In the Superpacking mode, zig-zagging 1D tile assemblies 

use two of the 3PS tile-arms for blunt-end stacking interactions. These assemblies then stack next 

to each other, minimizing voids in the resulting DNA tile surface. The high-density packing 

arrangements (Parallel, Ridges and Superpacking) can coexist, however there is a trend toward 

the densest Superpacking state with increasing VDep. It is possible that Parallel patterns appear 

because of AFM imaging artefacts, such that Parallel and Ridges packing are not distinct stages; 

however, these morphologies were reproducibly observed. High density packing arrangements 

demonstrate that the driving force to maximize electrostatic interactions between DNA and DPPC 

are sufficiently strong to disrupt or prevent the formation of blunt-end interactions between tiles 

to maximize the surface area occupied by DNA and thus minimize voids. 
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Figure 4.8| 3PS tiles on DPPC bilayers with increasing VDep. AFM images of: a) U tiles (VDep: 1, 3.5, 5 and 10 µL). 

With increasing VDep, the observed packing modes are Honeycomb, Honeycomb + Filled voids, Parallel, Ridges and 

Superpacking. b) CHOL tiles (VDep: 1, 2, 4, 5 and 10 µL). With increasing VDep, the observed packing modes are 

Honeycomb, Honeycomb, Honeycomb, Ridges and Superpacking. Scale bar = 100 nm, inset scale = 25 nm. 
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Figure 4.9| Schematic representation of the variation in 3PS tile deposition patterns observed with increasing 

VDep. The patterns reflect an increased density of 3PS tiles deposited per unit area and the following stages can be 

identified from low to high VDep: Honeycomb, Honeycomb + Filled Voids, Parallel, Ridges and Superpacking. 

 
Figure 4.10| Illustration of high density 3PS tile packing arrangements on DPPC. Schematic representation (top) 

of the tile packing arrangement detected in the AFM images of U tiles on DPPC reproduced from Figure 4.8 a 

(bottom). Black and white lines highlight that tiles form parallel lines. a) Parallel (VDep = 5 µL), b) Ridges (VDep = 10 

µL), c) Superpacking (VDep = 10 µL). Scale bar = 100 nm. 

 

It is important to note that on DOPC, CHOL tiles exclusively form honeycomb arrays over 

the entire VDep range (Figure 4.11) and that the high density packing modes are not observed, 

although it is possible to note some tiles in the honeycomb voids on occasion. On DOPC, tile 
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binding is largely mediated by the cholesterol anchoring unit, and the overall binding affinity of 

CHOL tiles to DOPC is expected to be lower than to DPPC. This is due to weaker electrostatic 

binding to a fluid bilayer in contrast to a gel-phase bilayer as mentioned previously.42 In addition, 

insertion of the rigid cholesteryl structure among unsaturated lipid tails interferes with their 

packing,46 with associated entropic costs. These factors would not favor dense packing of 

cholesterol tiles on DOPC. Thus, once the honeycomb structure is formed from CHOL tiles on 

DOPC, any additional tiles land only transiently, and do not promote rearrangement of tile packing 

through the disruption of blunt-end stacking contacts. Additionally, CHOL tile binding to DOPC 

domains is suspected to depend on the correct tile orientation on the surface to allow for anchor 

embedding in the bilayer, before network formation can occur through tile diffusion and 

optimization of blunt-end contacts. In contrast, both U and CHOL tiles landing on DPPC domains 

bind electrostatically independent of anchor orientation, implying that high density binding on 

DPPC may be under kinetic control. 

 
Figure 4.11| CHOL 3PS tiles on DOPC bilayers with increasing VDep. AFM images of CHOL tile deposition at 

VDep = 2, 5 and 10 µL (from left to right). VDep as indicated on the image. Stock tile concentration of 0.5 µM. Scale 

bars as indicated on the images. 
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4.2.4 Tile packing transitions on DPPC 

The ability of 3PS tiles to rearrange on the DPPC surface once bound to the SLB has 

important implications for the formation of ordered arrays on this surface. With DOPC, the 

mobility of lipids composing the bilayer as well as of DNA structures bound to the surface is well 

documented.27,37,42 In contrast, with gel-phase DPPC, the close packing of lipid molecules is 

associated with reduced mobility. In addition, we have observed a high density of DNA 

nanostructure binding to DPPC above, that is favored compared to binding to mica. It is unclear 

whether DNA tiles would tend to move on the DPPC surface, as rearrangements of DNA 

nanostructures on mica are favored in the presence of monovalent cations, rather than the Mg2+ 

used in this system.47 Furthermore, the transition temperature from gel to fluid phase for DPPC 

occurs at approximately 42 °C (the transition can be broad48). The influence of temperature on tile 

diffusion and organization on the surface is another interesting aspect of the system. 

To examine these aspects of tile organization, we first studied tile packing transitions on 

DPPC at room temperature with successive in situ additions of U tiles. An initial mixed packing 

stage combining Honeycomb and Honeycomb + Filled Voids domains (VDep = 2 µL) was observed 

to shift to a denser packing with further tile addition (additions of 1 µL at a time, reaching a total 

VDep of 5 µL), with blunt-end stacking interactions lost to allow a greater number of tiles to bind 

electrostatically to the bilayer (Figure 4.12). This finding suggests that tiles retain mobility on the 

gel-phase DPPC surface and are capable of rearranging to maximize electrostatic binding. 

 
Figure 4.12| 3PS tile packing transitions with in situ tile addition on DPPC. 3PS U tile deposition on DPPC. VDep 

of 2 µL followed by sequential additions of 1 µL aliquots up to a total VDep of 5 µL. Tile stock concentration: 0.5 µM, 

scale bar = 100 nm. 
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The effect of temperature on 3PS tile binding and packing on DPPC was also investigated. 

CHOL tiles on DPPC were imaged with increasing temperature (from 25 to 50 °C) (Figure 4.13), 

examining the effect of lipid phase transition from gel to fluid state. Tiles that were initially 

organized into adjacent domains of mixed packing shifted to a more organized, denser packing 

state in the 35 – 45 °C temperature range, or around the transition temperature of DPPC (42 °C). 

It is possible that as lipid molecules in the bilayers become more mobile and the density of 

headgroups on the surface decreases, tiles bound to the surface are able to diffuse better to adopt 

a more regular, denser packing. With a further temperature increase to 50 °C, domains of organized 

tiles and individual tiles were no longer observed on the bilayer surface, either due to their high 

mobility on the fluid surface, dissociation from the surface or loss of hybridization within the tile 

structure (tile disassembly).  

 
Figure 4.13| Temperature dependent imaging of 3PS tiles on DPPC. CHOL 3PS tiles (VDep = 10 µL) on DPPC 

imaged in a range of temperatures. Top row: 25, 30 and 35 °C sample temperatures. Bottom row: 40, 45 and 50 °C 

sample temperatures. Scale bar = 100 nm. 
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Furthermore, tile deposition on DPPC above the transition temperature was examined in 

comparison to deposition at room temperature. U tiles (VDep = 5 µL) were deposited on DPPC at 

45 °C, followed by cooling to ambient conditions prior to imaging, effectively representing an 

annealing experiment. Qualitatively, more areas of dense, regular packing were observed in the 

annealed preparation (Figure 4.14 a), compared to tile deposition at ambient conditions (Figure 

4.14 b), suggesting that annealing allows the system to maximize favorable electrostatic and blunt-

end stacking interactions after initial binding to the fluid substrate. 

 
Figure 4.14| 3PS tile deposition above DPPC transition temperature. U 3PS tiles (VDep = 5 µL) deposited on DPPC 

at a) 45 °C and b) 25 °C. Imaging carried out at 25 °C. Scale bar = 100 nm. 

 

4.2.5 Effect of blunt-end stacking disruption on long-range 3PS ordering 

The long-range ordering of 3PS tiles observed above depends on either electrostatic or 

cholesteryl anchor-dependent interactions with the SLBs and blunt-end stacking between tile-arm 
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ends. The consequences of disrupting blunt-end stacking on tile ordering were probed by 

modifying tile-arm ends with non-interacting four-nucleotide T loops. Strand S3 was modified to 

incorporate four thymine (4T) residues at the end of each tile arm (S3Tloop strand) while 

maintaining full sequence complementarity with strands S1 and S2 otherwise (Figure 4.15). 

Assembly of 3PS U and CHOL tiles with T loop ends was verified by native PAGE (Figure 4.16). 

 
Figure 4.15| Schematic representation of the U 3PS tile with T loop ends. The tile is composed of strands S1, S2 

and S3Tloop in a 1:3:3 stoichiometry. 

 

 
Figure 4.16| Assembly of 3PS tiles with T loop ends analyzed by native PAGE. a) U tile (composed of strands S1, 

S2 and S3Tloop). b) CHOL tile (composed of strands S1 CHOL, S2 and S3Tloop). Lane description for (a): 1. 

S3Tloop, 2. S2, 3. S1, 4. S1+S2 (1:1), 5. S1+S2 (1:2), 6. S1+S2 (1:3), 7. S1+S2+S3Tloop (1:3:1), 8. S1+S2+S3Tloop 

(1:3:2), 9. S1+S2+S3Tloop (1:3:3). For (b), same lane description but using the S1 CHOL strand. Native PAGE 6%, 

TAMg running buffer, 90 min at 120 V and 5 °C. 

 



208 

T loop CHOL tiles on DOPC did not show long range organization or even transient 

smaller assemblies (Figure 4.17 a). Although the bilayer surface did not appear smooth, 

suggesting tile binding to the surface, individual tiles with distinct 3PS shape could not be detected, 

possibly due to tile mobility on the fluid DOPC surface. 

Both U and CHOL T loop tiles on DPPC (Figure 4.17 b and c) remained disorganized on 

the bilayer surface where, in contrast to DOPC, the 3PS shape of individual tiles could be clearly 

detected. Interestingly, even at high VDep (7.5 µL and 10 µL for U and CHOL tiles respectively), 

dense tile packing modes featuring tile organization into parallel lines and maximizing electrostatic 

tile binding to the DPPC surface were not detected. This observation suggests that the Parallel 

packing mode discussed above, where contacts between tile arms are not clearly visible, also relies 

on blunt-end stacking interactions. T loop 3PS tile deposition on DOPC and DPPC demonstrates 

that blunt-end stacking interactions are essential for long-range organization of these small tiles 

on the SLB surface. 

 
Figure 4.17| Consequences of disrupting blunt-end stacking interactions on long-range 3PS tile organization on 

SLBs. AFM images of 3PS tiles with T loop ends: a) CHOL tiles on DOPC (VDep = 2 µL). b) CHOL tiles on DPPC 

(VDep = 10 µL). c) U tiles on DPPC (VDep = 7.5 µL). Stock tile concentration of 0.5 µM, scale bar = 100 nm, inset 

scale bar = 25 nm. 

 

4.2.6 3PS tile deposition on phase-separated mixed DPPC:DOPC bilayers 

The observation of U and CHOL tile binding to phase-separated bilayers formed from a 

70:30 DPPC:DOPC mixture provided further illustration of the dominant interactions driving tile 

organization on bilayer surfaces. DOPC and DPPC phase-separate due to structural differences in 
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their alkyl tails.49-51 DPPC-rich and DOPC-rich domains within the phase separated bilayer can be 

easily identified by AFM imaging due to the consistent height difference of about 0.8 nm between 

the domains, where DPPC areas have a larger height than DOPC (Figure 4.18). 

 
Figure 4.18| Lipid bilayer height analysis from AFM topography images. a) DOPC, b) DPPC and c) 70:30 

DPPC:DOPC. For (a)-(c), (left) AFM topography image and (right) topography trace and height measurements 

corresponding to the lines marked across the image. Scale bars as indicated on the images. 

 



210 

U tiles bound exclusively to DPPC domains (Figure 4.19 a), whereas CHOL tiles were 

found on both DOPC and DPPC-rich areas (Figure 4.19 b). CHOL tiles formed small areas of 

ordered honeycomb arrays on DOPC, while both U and CHOL tiles showed much denser packing 

on DPPC domains.  

Furthermore, when a 1:1 U:CHOL tile mixture was deposited on a mixed bilayer, large 

honeycomb arrays could be observed on DOPC. Considering the lack of binding of U tiles to 

DOPC, we assign these as CHOL tiles. In contrast, densely packed tiles were observed on DPPC 

domains (Figure 4.20), which is again consistent with more tile deposition on DPPC. Given the 

affinity of U and CHOL tiles to DPPC, these packed domains may be composed of both tile types. 

Thus, the mixture phase-separates into a DOPC-rich phase with CHOL tiles only, and a DPPC-

rich phase, possibly with a mixture of U and CHOL tiles.  

Collectively, the observations of U, CHOL or 1:1 U:CHOL 3PS tile binding on mixed 

DPPC:DOPC bilayers suggest that the electrostatic interaction between DNA and the DPPC 

bilayer surface dominates in the deposition process, as the majority of both U and CHOL tiles are 

found to be densely packed on DPPC domains. Similarly, the preferential partitioning of 

cholesteryl-TEG and unmodified DNA origami rods to liquid ordered lipid domains in the 

presence of Mg2+ ions has been reported.42 However, 3PS tile structures have a much smaller 

contact area with the bilayer, as previously reported origami rods measured approximately 420 nm 

in length in contrast to 3PS tiles where each arm is only 6.6 nm long. 

Another remarkable observation regarding blunt-end interactions can be made from the 

seemingly continuous contacts between tiles located at the edges of lipid domains. For example, 

uninterrupted networks of U tiles are detected between adjacent DPPC domains on the mixed 

bilayer (white arrows, Figure 4.19 a). In the case of CHOL tiles, it appears that tiles located at 

the edge of a DPPC domain can make bridges with adjacent tiles at the edge of the surrounding 

DOPC (white arrows, Figure 4.19 b), thus appearing to “stitch them” together.  
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Figure 4.19| Deposition of 3PS tiles on 70:30 DPPC:DOPC mixed bilayers. a) U tiles, b) CHOL tiles. DOPC and 

DPPC regions as indicated on the images. White arrows show areas of blunt-end contacts between tiles across 

boundaries of adjacent lipid domains. Stock tile concentration of 0.5 µM, VDep = 2 µL, scale bars as indicated on the 

images (inset scale bar = 25 nm).  
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Figure 4.20| 1:1 U:CHOL 3PS tile mixture deposition on 70:30 DPPC:DOPC mixed bilayers. DOPC and DPPC 

regions as indicated on the images. Stock tile concentration of 0.5 µM, VDep = 2 µL, scale bars as indicated on the 

images (inset scale bar = 25 nm). 

 

4.2.7 Cross (X) tile deposition on DOPC and DPPC 

The deposition of a second type of DNA tile on SLBs was also investigated. The cross (X) 

tile, first reported by Yan et al.,4 resembles the 3PS tile in crossover design principle, but instead 

has four arms oriented at 90° angles and uses unique sequences instead of sequence symmetry 

(Figure 4.21 a). X tiles were prepared in U and CHOL versions using the same type of 

modification as for 3PS tiles. Strand characterization and tile assembly are shown in Figure 4.21 

b, Figure 4.22 and Figure 4.23). 
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Figure 4.21| X tile structure and strand characterization. a) Schematic representation of the unmodified (U) blunt-

ended X tile. CHOL tiles are prepared with strand C1 CHOL. b) Denaturing PAGE (12%, 1xTBE, 30 min at 250 V 

followed by 45 min at 500 V) of X tile component strands. Lane description: 1. C1, 2. C1 CHOL, 3. C2a, 4. C2b, 5. 

C2c, 6. C2d, 7. C3a, 8. C3b, 9. C3c and 10. C3d. 

 
Figure 4.22| LC-ESI-MS characterization of cholesterol modified strand C1 CHOL. LC trace detected by 

absorbance at 260 nm (top) and mass spectrum (bottom) for strand C1 CHOL (calculated MW = 31 395 g/mol). 
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Figure 4.23| Assembly of X tiles analyzed by native PAGE. a) U X tile. b) CHOL X tile. Lane description for (a): 

1. C3a, 2. C2a, 3. C1, 4. C1+C2a, 5. C1+C2a+C2b, 6. C1+C2a+C2b+C2c, 7. C1+C2a+C2b+C2c+C2d, 8. 

C1+C2a+C2b+C2c+C2d+C3a, 9. C1+C2a+C2b+C2c+C2d+C3a+C3b, 10. C1+C2a+C2b+C2c+C2d+C3a+C3b+C3c, 

11. C1+C2a+C2b+C2c+C2d+C3a+C3b+C3c+C3d. For (b), same lane description but using C1 CHOL. Native PAGE 

6%, TAMg running buffer, 90 min at 120 V and 5 °C. 

 

Another distinctive feature of the X tile is the potential for greater flexibility of the tile 

arms due to the presence of 4 thymidine (4T) spacers in the central strand between the tile arms 

(Figure 4.24 a), in contrast to the 3T spacers in 3PS tiles used above. Variations on the 3PS tile 
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where longer T-spacers provide flexibility have been used to build closed 3D structures from 3PS 

tiles, however tiles with 3T spacers are too rigid to produce the required curvature.38 

Increased X tile flexibility gives rise to variations in the angle between tile arms such that 

a range of lattice geometries are possible upon X tile assembly through blunt end interactions. The 

possible geometries include square (90° angles between tile arms), parallelogram (> 90°) and even 

hexagram (120°) lattices (Figure 4.24 b). The two extremes of this conformational range, square 

and hexagram lattices, were observed with X tile deposition on mica. Tiles assembled into small 

domains of both geometries (Figure 4.24 c). 

 

 
Figure 4.24| Cross (X) tile assemblies. a) Schematic representation of the X tile. The central strand contains 4T 

spacers between the arms giving the arms enough flexibility to adopt orientations with different angles. b) Depending 

on the angle between tile arms, the X tile can form lattices with different geometries. Square, parallelogram and 

hexagram lattices are illustrated (inter-arm angles of 90 °, > 90 ° or 120 ° respectively give rise to such packing). c) 

U X tile on mica.  Domains of square and hexagram lattices are observed. Inset shows detail of hexagram repeat unit. 

Stock tile concentration of 0.5 µM, VDep = 2 µL, scale bar = 100 nm (inset scale bar = 25 nm). 

 

On SLBs, the divergent binding characteristics observed with U and CHOL 3PS tiles were 

replicated with X tiles. CHOL X tiles bound to DOPC formed extensive parallelogram (distorted 

square) lattices (Figure 4.25 a). On the other hand, U tiles were found exclusively on mica (Figure 

4.25 b), forming only small areas of organized material in contrast to the micrometer-scale 

organization of CHOL tiles on DOPC. The extreme angle distortion giving rise to hexagram 

lattices was not observed on SLBs. 
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Figure 4.25| X tiles on DOPC. AFM images of: a) CHOL tiles and b) U tiles. VDep = 2 µL, scale bars as indicated 

on the images. 

 

Furthermore, CHOL and U X tiles on DPPC showed VDep dependent tile packing. For 

CHOL tiles, a square lattice dominated at lower VDep, shifting to a dense packing where tile angles 

were highly distorted at high VDep, (Figure 4.26 a). U tiles showed angle distortion both at low 

and high VDep, with tile density on the surface increasing with VDep (Figure 4.26 b). A distinctive 

pattern composed of side-by-side parallel lines was observed for VDep = 10 µL, where the blunt-

end connections between tile arms were difficult to resolve. 
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Figure 4.26| X tiles on DPPC. AFM images of: a) CHOL tiles (VDep = 5 µL – left, 10 µL – right) and b) U tiles (VDep 

= 2 µL – left, 10 µL – right). Scale bar = 100 nm (inset scale bar = 25 nm). 

 

4.3 Conclusions 

In this chapter, we have examined the long-range ordering of blunt-ended three-arm and 

four-arm crossover DNA tiles on fluid and gel-phase zwitterionic SLBs. A cholesterol anchor was 

required for lattice formation on the DOPC fluid bilayer, whereas both unmodified and cholesterol-

anchored tiles showed extensive ordering on the DPPC gel-phase lipid. This divergent deposition 

behavior was attributed to the greater strength of electrostatic interactions between DNA and 
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zwitterionic lipid headgroups in the gel-phase bilayer, mediated by Mg2+ cations. This property 

also permitted selective patterning of different domains in a phase-separated lipid system. 

Furthermore, tile deposition on gel-phase SLBs was accompanied by a concentration-dependent 

reconfiguration of tile-packing morphology on the surface, a characteristic that could be employed 

for layer-by-layer deposition of tiles with various modifications to achieve a greater surface 

patterning complexity by simple means. 

Of paramount importance to the variety of morphologies observed, as well as the long-

range scale of organized assemblies, was the use of base stacking interactions between blunt tile-

arm ends, rather than more traditional hybridization of sticky ends. The dynamic nature of the 

blunt-end stacking contacts allowed error correction to occur, giving rise to a defect-free tile 

network on the fluid bilayer. In addition, it facilitated the formation of dense tile packing modes 

where some blunt end interactions were disrupted in favor of maximizing electrostatic binding. 

The advantage of using lipid bilayers as a support for long-range organization of DNA is first in 

the rich variety of composition and phase properties that can be harnessed in combination with 

compatible anchoring moieties. Furthermore, the fluidity, composition and temperature dependent 

properties of lipid bilayers allow for surface diffusion of DNA building blocks, a property which 

promotes error correction and morphological transitions that may have desirable applications. 

Supported lipid bilayers represent a gateway for interfacing DNA nanostructures with a 

biologically relevant environment with many possible applications as well. 

The principles on display, namely the balance of inter-tile base-stacking interactions with 

tile-bilayer interactions, although simple, are of fundamental interest and are broadly applicable. 

The resulting organized materials are composed of just a few inexpensive strands. They can find 

applications in a number of areas, such as patterned surfaces for selective cell recognition, tools 

for creating biological models, templates for organizing light-harvesting units, proteins and 

nanoparticles, as well as long-range ordered, fluid surfaces to interface DNA nanostructures with 

solid substrates to develop advanced materials with hierarchical organization.  
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4.4 Experimental 

4.4.1 Materials 

Tris(hydroxymethyl)aminomethane (Tris), magnesium acetate tetrahydrate (Mg(OAc)2·4 

H2O), sodium chloride (NaCl), glacial acetic acid, urea, ethylenediaminetetraacetic acid (EDTA), 

ammonium hydroxide, trimethylamine and HPLC grade acetonitrile (MeCN) were used as 

purchased from Sigma-Aldrich. Boric acid and GelRed were obtained from Fisher Scientific and 

used as supplied. Acrylamide/bis-acrylamide (40% 19:1) solution, ammonium persulfate and 

tetramethylethylenediamine (TEMED) were used as purchased from BioShop Canada Inc. 

Sephadex G-25 (super fine, DNA grade) was purchased from Glen Research. 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) 

were purchased from Avanti Polar Lipids as solutions in chloroform. 

The reagents and materials listed below were used for DNA synthesis. Anhydrous MeCN, 

dA-CE, dC-CE, dmf-dG-CE and dT-CE phophoramidites, universal 1000 Å LCAA CPG pre-

packed columns (loading densities of 25-40 µmol/g), activator (0.25 M ETT in acetonitrile, 

oxidizer (0.02 M I2 in THF/pyridine/H2O), Cap A mix (THF/lutidine/Ac2O), Cap B mix (16% 

MeIm in THF), and deblock solution (3% DCA/DCM) were all used as purchased from 

BioAutomation. 3’-Cholesteryl-TEG CPG was purchased from Glen research. 

Muscovite Ruby mica sheets (grade 2) were used as substrate for all AFM imaging studies. 

1xTBE (Tris-boric acid-EDTA) buffer was composed of 45 mM Tris, 45 mM boric acid and 2 mM 

EDTA at pH 8.3. 1xTAMg buffer was composed of 40 mM Tris, 12.5 mM Mg(OAc)2 with pH 

adjusted to 8.0 with glacial acetic acid. Tris/NaCl/CaCl2 buffer contained 10 mM Tris, 100 mM 

NaCl and 3 mM CaCl2 with pH adjusted to 7.4 with HCl. Tris/NaCl buffer contained 10 mM Tris 

and 100 mM NaCl (pH 7.4). All buffers were prepared with Milli-Q water and samples were 

prepared with autoclaved Milli-Q water.  

 

4.4.2 Instrumentation 

UV-Vis DNA quantification measurements were performed on a Nanodrop Lite 

spectrophotometer from Thermo Scientific. A Mermade MM6 DNA synthesizer from 
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BioAutomation was used for DNA synthesis. Gel electrophoresis experiments were carried out on 

a 20 x 20 cm vertical acrylamide Hoefer 600 and on 8.3 x 7.3 cm vertical acrylamide Mini-

PROTEAN electrophoresis units (BioRad). Reverse phase HPLC (RP-HPLC) purification was 

conducted using a Hamilton PRP-1 column (150 mm x 4.1 mm, 100 m particle size) on an Agilent 

Infinity 1260 system. Liquid chromatography electrospray ioization mass spectrometry (LC-ESI-

MS) was performed on a Dionex Ultimate 3000 system coupled to a Bruker MaXis Impact QTOF.  

Thermal annealing procedures were carried out using an Eppendorf Mastercycler Pro 96 well 

thermocycler. Electrophoresis gels were imaged on a Chemidoc MP Imaging System from 

BioRad. A VCX 130 Vibra-Cell ultrasonic liquid processor equipped with a 3-mm stepped 

microtip (Sonics & Materials Inc.) was used for sonication of lipid suspensions.  

AFM imaging was carried out on a MultiMode 8 microscope with a Nanoscope V 

controller (Bruker). An air-fluid heating element (Bio-Heater) connected to a thermal applications 

controller (Bruker) were used for temperature dependent AFM imaging. The temperature within 

the fluid cell was measured with a fine gage thermocouple (Omega) connected to a handheld digital 

thermometer (Oakton). 

 

4.4.3 Oligonucleotide synthesis and characterization 

Oligonucleotide synthesis was performed in house on a 1 µmol scale, using standard, 

automated, phosphoramidite solid-phase DNA synthesis. The cholesteryl-TEG modification in 

strands S1 CHOL and C1 CHOL was introduced at the 3’ end of strands S1 and C1 by using a 3’-

Cholesteryl-TEG modified CPG column. In all syntheses, coupling efficiency was monitored after 

removal of the DMT 5’-OH protecting groups. Sequences for strands composing three-point star 

(3PS) and cross (X) tiles are compiled in Table 4.1 and Table 4.2 respectively. 

Completed sequences were deprotected in a 28% ammonium hydroxide solution for 16 

hours in a 65 °C water bath, purified by PAGE under denaturing conditions (12, 15 or 20% 

polyacrylamide with 8 M urea, the percentage depending on strand length, using 1xTBE running 

buffer) at constant voltage (30 mA, at 250 V for the first 30 minutes, followed by 1 hour at 500 

V). Following electrophoresis, the bands of purified oligonucleotides were excised and recovered 

from the gel (crushed, covered with water, vigorously shaken, flash frozen with liquid nitrogen 

and kept in a 65 °C water bath for 16 hours). The solutions were then dried down to 1 mL and 
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desalted using size exclusion chromatography (Sephadex G-25). Strand purity was assessed by 

denaturing PAGE analysis. 

 
Table 4.1| Sequences for strands composing 3PS tiles. The strand sequences were designed by the Mao group.8 

Non-nucleoside cholesterol (TEG-CHOL) modification was appended to strand S1 as indicated. 

 
Table 4.2| Sequences for strands composing X tiles. The strand sequences were designed by the LaBean group.4 

Non-nucleoside cholesterol (TEG-CHOL) modification was appended to strand C1 as indicated. 
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The cholesterol modified strands S1 CHOL and C1 CHOL were further purified by RP-

HPLC (50 mM triethylammonium acetate (TEAA, pH 8.0) and HPLC grade acetonitrile (MeCN) 

with elution gradient of 3-50% acetonitrile over 30 minutes at 60 °C), as the TEG-CHOL moiety 

can undergo cleavage such that the modification is lost. Following RP-HPLC purification, the 

relevant fractions were dried down and resuspended in water. The presence of the cholesterol 

modification was verified by LC-ESI-MS analysis in negative mode. 

 

4.4.4 3PS and X tile assembly and characterization 

Tile preparation for AFM studies was carried out in 1xTAMg buffer at a final tile 

concentration of 0.5 M. For 3PS tiles, different variations of S1, S2 and S3 strands were combined 

at a molar ratio of 1:3:3. For X tiles, all component strands were combined in equimolar ratio. All 

tiles were subjected to an annealing protocol from 95ºC to 4ºC over 6 hours. 

All tile constructs were characterized by native PAGE (6%, 1xTAMg buffer, 250 V for 90 

minutes) to confirm correct assembly. Tile assembly was carried out at 0.1 M for PAGE studies 

and 0.5 M for AFM studies. 

 

4.4.5 Preparation of supported lipid bilayers (SLBs) 

DOPC, DPPC and 70:30 DPPC:DOPC SLBs were prepared by vesicle fusion, adapting the 

protocol from Mingeot-Leclercq et al.52 Lipid stock in chloroform was placed in a dry glass vial, 

the solvent was removed by rotary evaporation and the dry lipid film was maintained under 

vacuum overnight. The lipid film was resuspended in Tris/NaCl/CaCl2 buffer at a 1 mM total lipid 

concentration. In the case of DPPC, heating at 60 °C for 2 minutes was supplied to facilitate the 

hydration of the film. The suspension was vigorously vortexed for 5 minutes prior to sonication to 

obtain small unilamellar vesicles (SUVs). Sonication with a probe sonicator was carried out over 

ice to achieve solution clarity (130 W, 1 minute cycles with ON 20 s and OFF 5 s steps, repeated 

5 to 10 times). SUV suspensions were filtered on 0.2 µm nylon filters to eliminate any metal 

particles from the probe sonicator. 

SLBs were prepared by depositing 120 µL of SUV solution on freshly cleaved mica (15 
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mm diameter disc secured on a metal sample puck with epoxy adhesive). In the case of DOPC and 

70:30 DPPC:DOPC mixed lipid systems, samples were incubated for 60 minutes at ambient 

temperature. For DPPC, samples were heated at 58 °C for 60 minutes with 120 µL additions of 

Tris/NaCl buffer made every 10 minutes to prevent surface dewetting. The sample was then cooled 

to room temperature over 10 minutes. For all SLBs, the subsequent preparation step consisted of 

rinsing with Tris/NaCl solution (120 µL, 2 rinses) followed by rinsing with 120 µL of 1xTAMg. 

Upon addition of 20 µL of 1xTAMg to the surface, the samples were ready for tile deposition. 

 

4.4.6 Tile deposition on SLBs and AFM imaging procedure 

A given volume of 0.5 µM tile solution (deposition volume VDep from 1 µL to 10 µL) was 

added to the surface and the sample was immediately placed on the AFM sample stage. A fluid 

cell was then positioned on the sample (MTFML fluid cell, Bruker) and 70 µL of 1xTAMg was 

injected into the cell. 

The same sample deposition method was followed for tile imaging on bare mica. 

Topography images were acquired at ambient conditions in ScanAsyst mode. Silicon 

nitride levers with a nominal spring constant of 0.1 N/m, resonant frequency of 38 kHz and a tip 

radius of 2 nm were used (MSNL-E, Bruker). The cantilevers were calibrated in solution using the 

thermal tune method.  Images were captured at scan rates between 0.5 and 1.5 Hz at a resolution 

of 512 x 512 pixels. The z-limit was set at 1 µm and the peak force amplitude at 50 to 75 nm. The 

peak force setpoint was set automatically by the software and varied from 150 pN to 300 pN. 

Images were processed using Nanoscope Analysis 1.5 software (Bruker). 

 

4.4.7 3PS tile packing transitions on DPPC with in situ tile additions 

Transitions in 3PS tile packing on DPPC were studied by imaging the sample following in 

situ tile additions upon initial tile deposition on the surface. The DPPC SLB was prepared 

following the procedure described in section 4.4.5. An initial 2 µL aliquot of 0.5 µM U tile solution 

was added to the surface and the sample was imaged according to the procedure described in 

section 4.4.6. Sequential additions of 1 µL of 0.5 µM U tile solution in 10 µL of 1xTAMg buffer 
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to the sample cell were followed by a 5 minute equilibration period and imaging. The same region 

was imaged after each addition; however, some drifting of the sampled area did occur. 

 

4.4.8 Temperature dependent studies of 3PS tile deposition on DPPC 

The effect of temperature was first investigated by imaging CHOL 3PS tiles on DPPC in 

a range of temperatures. CHOL 3PS tiles (VDep = 10 µL) were deposited on DPPC at ambient 

conditions after standard bilayer preparation. The sample and fluid cell were positioned on the 

heating element on the AFM scanner. Imaging was carried out at 5 °C intervals from 25 °C to 50 

°C with a 10 minute equilibration time at each temperature point. The temperature inside the cell 

was monitored with a thermocouple connected to a digital read thermometer and was consistent 

with the temperature controller setting throughout the experiment. 

The effect of temperature on 3PS tile organization on DPPC was also examined by 

comparing tile deposition at ambient conditions to deposition above the DPPC transition 

temperature. The transition temperature for DPPC (from gel phase to liquid disordered, fluid state) 

is of 42 °C. U 3PS tiles were deposited on DPPC with the sample maintained either at 25 °C 

(ambient conditions) or at 45 °C (above the transition temperature). 

After preparing the DPPC bilayers as described in section 4.4.5, the sample was heated to 

45 °C for 10 minutes with 60 µL of 1xTAMg on the surface. For tile deposition at high 

temperature, 5 µL of U 3PS tile (0.5 µM) was added at this point, allowed to equilibrate for 2 

minutes and cooled back to 25 °C over 10 minutes, representing an annealing process. For 

deposition at ambient conditions, the bilayer sample was cooled back from 45 °C over 10 minutes 

before tile addition and 2 minute equilibration period. Samples were imaged at ambient conditions 

as described in section 4.4.6. 
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4.4.9 Additional AFM images 

 
Figure 4.27| U 3PS tiles on DPPC with increasing VDep. VDep and scale bars as indicated on the images. Stock tile 

concentration of 0.5 µM. 

 



226 

 
Figure 4.28| CHOL 3PS tiles on DPPC with increasing VDep VDep and scale bars as indicated on the images. Stock 

tile concentration of 0.5 µM. 
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Figure 4.29| 3PS T loop tiles on SLBs. a) CHOL tiles on DOPC (VDep = 2 µL). b) CHOL tiles on DPPC (VDep = 10 

µL). c) U tiles on DPPC (VDep = 7.5 µL). Stock tile concentration of 0.5 µM, scale bars as indicated on the images. 
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Figure 4.30| X tiles on DPPC. AFM images of a) CHOL tiles (VDep = 5 µL – top, 10 µL – bottom) and b) U tiles 

(VDep = 2 µL – top, 10 µL – bottom). Scale bars as indicated on the images. 
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5.1 Conclusions and contributions to original knowledge 

The work presented in this thesis has aimed to use simple principles of supramolecular 

chemistry and combinations of intermolecular interactions to expand the assembly modes of DNA 

and achieve long-range organization within DNA-based nanomaterials. The methods described 

here did not require intricate engineering or involve synthesis of complex building blocks, rather 

relying on simple components and interactions to promote higher-order assembly. Having access 

to a broader range of interactions within DNA nanostructures opens the door for greater control 

over long-range assembly through hierarchical organization. Intricate control of structure at the 

nanoscale is important in developing functional nanomaterials, thus the new, easily applicable 

methods to manipulate DNA assembly presented here may find broad application in the field of 

DNA-based nanomaterials.  

Chapter 2 reported the discovery of a new mode of DNA assembly, wherein the addition 

of a small molecule with multiple hydrogen-bonding faces reprogrammed the assembly of 

unmodified DNA. Cyanuric acid (CA) was shown to coax poly(adenine) DNA (d(An)) into 

forming nanofibers with a unique internal structure. The association of adenine and CA units was 

proposed to form hydrogen-bonded hexameric rosettes, bringing together d(An) strands into a triple 

helix, and further leading to polymerization of the components into nanofibers. A combination of 

indirect characterization methods to validate the proposed structure was described – a collection 

of evidence in support of the hexameric rosette structure. The versatility of CA-mediated assembly 

was probed by examining CA interaction with poly(adenine) RNA and PNA, both of which also 

produced nanofibers. Furthermore, the potential of further expanding the base-pairing alphabet via 

small-molecule mediated assembly was assessed by screening a library of CA analogs for 

assembly with d(An). Finally, biotinylated CA-mediated d(An) nanofibers were decorated with 

streptavidin to illustrate their potential for organizing functional moieties. Altogether, CA-

mediated d(An) assembly is a facile new method to create a nucleic acid-based nanomaterial which 

can be generated in large quantities from inexpensive, biocompatible building blocks. The 

nanofibers are stable over a range of pH values and counterion concentrations. Small molecule-

mediated assembly of nucleic acids is, in principle, a broadly applicable method to introduce new 

letters into the DNA base-pairing alphabet that is not limited to the CA:d(An) system. 
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Chapter 3 further examined CA-mediated d(An) assembly by focusing on aspects of the 

mechanism of nanofiber formation and key parameters affecting the process. Strands within the 

assembly were shown to take on a staggered arrangement and the supramolecular polymerization 

mechanism was consistent with a cooperative, or nucleation-elongation, process. A minimum 

threshold CA concentration ([CA]cr) was required to initiate long-range assembly and CA 

concentration in general was identified as the most important parameter regulating both the 

assembly process and nanofiber properties such as thermal stability. In addition, d(An) strand 

length had interesting effects on the thermal denaturation profiles of CA-mediated assemblies, as 

multi-phase melting profiles were observed for strands longer than d(A15). Both CA concentration 

and d(An) strand length impacted the kinetics of the polymerization process, as evidenced by the 

in-depth analysis of thermal hysteresis profiles using a novel method to study supramolecular 

assembly developed by Harkness and Mittermaier. This methodology used model-free analysis to 

map monomer consumption rates with respect to monomer concentration and temperature, 

enabling determination of effective reaction orders for assembly over a range of temperatures. This 

detailed information was then used to globally fit the data to a cooperative polymerization model, 

and to build quantitative energy diagrams describing the assembly process. Important insights as 

to the nucleation molecularity as well as a quantitative representation of the impact of CA 

concentration and d(An) length on kinetic and thermodynamic parameters were revealed by this 

analysis. Overall, the understanding of the mechanism and impact of tunable parameters on CA-

mediated d(An) assembly described in Chapter 3 is valuable not only from a fundamental self-

assembly point of view, but also for future development of applications of this unique DNA-based 

nanomaterial. 

Chapter 4 studied the long-range ordering of small blunt-ended DNA crossover tiles on 

fluid and gel-phase zwitterionic supported lipid bilayers (SLBs). The addition of a cholesterol 

anchor was necessary for tile deposition and extended lattice formation on fluid DOPC bilayers, 

whereas both unmodified and cholesterol-anchored tiles could bind and form ordered assemblies 

on the DPPC gel-phase lipid. Increased density of Mg2+-mediated electrostatic interactions 

between DNA and zwitterionic lipid headgroups in gel-phase bilayers, compared to fluid bilayers, 

explains the divergent deposition behavior. In accordance with these properties, selective 

patterning of different domains in a phase-separated lipid system was observed. Furthermore, tile 

packing on gel-phase SLBs depended on tile concentration and several packing modes of 
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increasing density, maximizing electrostatic contacts between lipid headgroups and DNA, were 

identified. Base stacking interactions between blunt tile-arm ends were of paramount importance 

to obtain the various morphologies and long-range tile organization. Their dynamic nature allowed 

error correction to occur, giving rise to defect-free tile networks on the fluid bilayer, and facilitated 

formation of dense packing modes on gel-phase bilayers. The balance of inter-tile base-stacking 

interactions and tile-bilayer interactions showcased once again how simple interactions can be 

harnessed to manipulate long-range DNA assembly of simple nanostructures composed of just a 

few inexpensive strands. 

Overall, this thesis contributes to the broad field of self-assembly and, more specifically, 

to DNA nanotechnology by taking advantage of the information encoded in simple molecular 

building blocks to reprogram and manipulate DNA assembly and long-range organization. Just as 

in natural self-assembly systems, the interplay between simple intermolecular interactions was 

shown to drive emerging complexity in the nanostructure of the materials generated using the 

methods presented here. The resulting assemblies displayed unique features and complexity that 

suggest new avenues of development for DNA-based nanomaterials. 

 

5.2 Future work and perspective 

The report of CA-mediated d(An) assembly described in Chapters 2 and 3 has important 

consequences in several areas. There are a number of biologically relevant bifacial “Janus” 

molecules, such as 8-oxo-guanine or folic acid, among many others, which may also be able to 

form higher-order structures with nucleic acid strands. The supramolecular behavior of small 

hydrogen bonding molecules with nucleic acids has not been examined in detail to our knowledge, 

so there is much work to be done in this area. The small molecule-induced reprogramming of 

nucleic acid assembly illustrated with the CA-d(An) system may serve as a model for further 

expansion of the DNA alphabet by combining other compatible small molecules with natural DNA 

bases. It is worth noting that this plug-and-play methodology may give rise to alternative assembly 

molecularities and geometries. Their formation may also be favored in different pH ranges, 

depending on the properties of the small molecule. As the CA-mediated assembly motif was shown 

to coexist with standard Watson-Crick DNA base-pairing, it introduces an orthogonal interaction 

to the nucleic acid-based nanomaterials toolkit, expanding the four-letter DNA alphabet and the 
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repertoire of interactions available to increase the complexity of DNA nanostructures. This 

expansion fits into the field of supramolecular DNA assembly, which incorporates heterologous 

components into DNA nanostructures to introduce additional types of supramolecular interactions, 

diversify the language of DNA assembly, and achieve structures with new functions. The 

coexistence of Watson-Crick and small molecule-mediated assembly in DNA nanostructures is an 

element of hierarchical organization which may used to achieve long range assembly from smaller 

structures and incorporate stimuli-responsive character into the architectures. Furthermore, guest-

induced assembly of DNA strands using a small molecule with multiple hydrogen bonding faces 

may be relevant in chemical biology. Long poly(adenine) extensions are added to messenger RNA 

before its translation to a protein and poly(purine) stretches in general are biologically important. 

Our study raises the possibility that CA (or derivatives) could be used to probe and potentially 

modulate protein translation. To move into this direction, steps must first be taken to stabilize 

assembly at physiological pH values and more elevated temperatures. Following that, it is worth 

exploring whether intracellular small-molecule mediated assembly is achievable and can be used 

to modulate protein expression.  Finally, the fact that a small molecule such as CA can organize 

d(An) strands into long-range supramolecular polymers in aqueous media may have implications 

in prebiotic chemistry, specifically in the context of how ancestral nucleobases became 

incorporated into pre-nucleic acid polymers. The evolution of natural nucleobases from plausible 

prebiotic recognition units such as melamine and cyanuric acid is an interesting question, as is the 

possibility of polymerization of building blocks following formation of supramolecular fibers from 

small molecules. In the context of CA-mediated d(An) assembly, studying strategies to link 

individual CA molecules post-assembly with d(An) strands into oligomers may be a worthwhile 

line of investigation. 

 Additionally, insight about the thermal denaturation properties of CA-mediated assembly 

products and the mechanisms behind their formation obtained in Chapter 3 are important first steps 

toward characterizing the fiber nanomaterial and understanding how to tune its properties in view 

of potential applications. The stimuli-responsive nature of the self-assembled nanofibers and their 

capacity to serve as a scaffold for functional moieties along the fiber axis invite the possibility of 

developing tunable, functional hydrogel materials which may find applications in tissue 

engineering and other areas. A systematic investigation of the influence of [CA], d(A)n strand 

length and environmental factors such as counterion concentration and temperature on fiber 
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populations and fiber length distribution would be valuable not only for a deeper fundamental 

understanding of the supramolecular polymerization process, but also for regulation of 

nanomaterial properties to a desired application. Given the nucleation-elongation nature of the 

fiber polymerization mechanism, it would be interesting to examine whether fiber length can be 

controlled by designing conditions to carry out “seeded” polymerization, a situation where 

supramolecular polymers acquire a “living” character. One of the main current challenges to 

application of the nanofibers as a biomaterial is their poor thermal stability. Strategies to improve 

their robustness include crosslinking or the development of CA-bearing oligomers, which may 

face a smaller entropic barrier to assembly and raise the melting temperature of the nanofibers. 

Another aspect of CA-mediated d(An) assembly that deserves further attention is the validation of 

the internal structure with a direct method such as X-ray crystallography or NMR spectroscopy. 

Preliminary studies using NMR spectroscopy are described in the Appendix. 

It should be noted that application of the thermal hysteresis-based analysis of assembly 

mechanisms described in Chapter 3 is not limited to supramolecular polymerization. It is in fact a 

broadly applicable methodology to study complex self-assembly processes as it can track 

temperature-dependent reaction orders with a great level of detail from a dataset that is easy to 

obtain using commonly available instrumental equipment. The main requirements for the 

application of this analysis methodology is that the reaction under investigation is reversible and 

temperature-controlled, that the components remain soluble over the full temperature range 

studied, and that the extent of self-assembly correlates with a real-time response such as 

spectroscopic absorbance or ellipticity. 

 The dynamic long-range assembly of DNA tiles on supported lipid bilayers reported in 

Chapter 4 represents a simple way to organize DNA nanomaterials on the micron-scale at a 

biologically-relevant interface. The ability to create ordered networks on lipid bilayers can find 

applications in areas such as patterned surfaces for selective cell recognition or templates for 

organizing proteins and nanoparticles on a biocompatible surface. The simple principles described 

in this study can be extended to tiles with different anchoring moieties and bilayers of various 

compositions towards the development of hierarchical materials of higher pattern complexity. 

Different bilayer regions in mixed composition systems can be specifically targeted by network 

deposition, the periodic networks may serve as a framework for long-range organization of 

functional moieties such as proteins and nanoparticles tethered to individual tiles, and network 
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cavities may also serve as areas of deposition of additional components. Moreover, the 

concentration-dependent changes in network morphology may be harnessed for a layer-by-layer 

deposition strategy, a method to build complexity in nanomaterial patterning with successive 

additions of tiles bearing different functional components. Whereas the dynamic rearrangement 

properties of blunt tiles on a fluid support are of interest in building error-free, long-range, periodic 

networks, it is also worthwhile to consider strategies to freeze the assembled material in a given 

morphology to maintain its structure overtime. Designing methods of crosslinking the tiles in a 

desirable orientation is thus a potential development step for this platform. Tiles modified with 

metal-binding ligands or anthracene units capable of photo-crosslinking are possible candidates 

for this line of inquiry. Altogether, organized DNA nanomaterials on lipid bilayers may enable 

specific recognition between cells to drive the formation of designer cell-clusters, or act like a 

cytoskeleton mimic that is able to control the shape of a cell. Furthermore, networks with 

addressable long-range organization may serve as platforms to build circuits or light-harvesting 

farms, among other nanotechnological applications. 
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A1| Investigation of CA-mediated d(An) 

assembly by NMR spectroscopy 

 

Contributions 

NA designed and synthesized the molecules, designed experimental conditions and analysed 

the results. Donatien de Rochambeau carried out an additional round of synthesis and purification 

of 3HA7H and 3HA10H strands to provide more material for NMR experiments. Prof. Carlos 

González and Dr. Irene Gomez Pinto performed the NMR experiments with assistance from NA, 

and guided interpretation of results. 

 

A1.1 Introduction 

The discovery of CA-mediated assembly of unmodified d(An) strands into supramolecular 

nanofibers was described in Chapter 2. The internal structure of the assembly is proposed to be 

composed of hexameric rosette arrays that form through hydrogen bonding associations between 

CA and adenine residues in a 1:1 stoichiometry. This proposed structure is supported by a number 

of experimental findings. Examination of the assembly of monomeric adenosine and CA analogs 

in organic solvent is consistent with the formation of rosette assemblies by VPO and DOSY NMR. 

In aqueous native environment, using equilibrium dialysis experiments with d(A15) strands, we 

have established that CA-mediated assemblies have 1:1 CA:A stoichiometry. We have also shown 

that both the Watson-Crick and Hoogsteen faces of adenine residues are required for assembly to 

take place by investigating the association of CA with DNA strands composed of adenine analogs 

that lack a Hoogsteen binding face. In addition, the height of the nanofibers measured from AFM 

images is consistent with the estimated fiber diameter for d(An) triplexes with a hexameric rosette 

structure at their core. 

Although these results paint a convincing picture supporting the proposed structure, they 

represent indirect evidence. A direct examination of the structure has proved elusive. A molecular 
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representation of the rosette structure would be achievable by X-ray analysis of a crystal structure, 

or, in solution, by investigating the CA-mediated association of d(An) strands using nuclear 

magnetic resonance (NMR) spectroscopy. NMR spectroscopy is a powerful tool to study nucleic 

acid structure in solution. Notably, NMR methods have been used to solve non-canonical DNA 

structures such as the i-motif1 and the d(An) duplex,2 to study small molecule binding to DNA3 or 

the structures of DNA aptamers4 among many revelatory applications. 

Using a combination of 1D 1H NMR, total correlation spectroscopy (TOCSY) and nuclear 

Overhauser effect spectroscopy (NOESY), it is possible to assign the relevant proton signals for 

short strands. Labeling DNA with 13C and 15N nuclei provides additional tools for structural 

investigation. NOE signals are also used to calculate proton to proton distances (only short 

distances can be measured, in the range of 5-6 Å), essential parameters to determine intra- and 

inter-residue distances and local structure, which along with information on dihedral angles are 

later used as constraints for 3D structural simulations in solving a structure with atomic-scale 

resolution.5 

In this appendix, a series of DNA strands composed of short d(An) stretches, capping 

moieties and branching elements providing preorganization were designed to investigate CA-

mediated assembly using NMR spectroscopy. The systems were designed with the goal of ensuring 

that CA-mediated assembly takes place, but that polymerization is supressed, as it would create 

aggregation products undetectable by NMR. Although initial experiments suggested that branched 

molecules may prevent long range aggregation while still showing CA-mediated assembly 

features, temperature dependent 1D NMR spectra later showed that aggregation did take place, 

prohibiting investigation of the CA-mediated assembled species. Attempts to look at dynamic 

species exchange behaviour at intermediate temperatures in the middle of the melting transition 

did not reveal new information. A variety of temperature dependent 1D NMR studies illustrated 

further some known behaviours of CA-mediated d(An) assembly. These studies indicate that an 

alternative design of the preorganized constructs is required to prevent aggregation. Suggestions 

are given at the end of the Appendix. 
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A1.2 Results and discussion 

A1.2.1 Preparation and characterization of linear and branched d(An) strands 

Strand design choices were driven by requirements of NMR experiments. They can be 

summarized as follows: (i) minimal d(An) strand length and (ii) formation of discrete structures 

that avoids long-range assembly. A list of the strands that were synthesized is presented in Table 

A1.1, followed by a discussion of the choices made in strand design.  

For these strands with repetitive d(An) sequences, minimal strand length is necessary to 

simplify the analysis of NMR spectra and avoid as much as possible overlap in signal for the 

different adenosine residues. On the other hand, a certain minimal number of residues is required 

for CA-mediated structure to assemble. Strands with 7 or 10 adenine residues were chosen based 

on previous experiments. d(An) strands with 10 residues were used in the design of the 

preorganized intramolecular system (Chapter 2), where they were shown to successfully assemble 

with CA, while DLS results indicated that long range structures were avoided. In the past, shorter 

d(A7) strands were shown to successfully form CA-mediated structures at reasonable CA 

concentrations (10 mM), while shorter strands such as d(A5) required nearly saturated CA solution 

(18 mM) for any assembly to be observed. In addition, structures formed from d(A5) strands were 

highly thermally unstable and required long equilibration times for assembly, thus the shortest 

strand length chosen for the current design was d(A7). 

The second design requirement is the elimination of large supramolecular polymer 

formation, while maintaining the core CA-mediated structure intact over a short range. Essentially, 

we wish to arrest CA-mediated assembly at the nucleus stage, where we propose that a stack of 

CA:A rosettes mediates the formation of an all parallel d(An) triplex. This is a necessary 

requirement as preliminary NMR experiments with short d(An) strands had been unsuccessful 

because most of the DNA material participated in large structures that were invisible to NMR. 

Large structures tumble slowly in solution and the spin-spin relaxation time T2* decreases leading 

to substantial signal decay.6 Our experience with the intramolecular preorganized system (Chapter 

2) indicated that formation of large aggregates was avoided in that case. The preorganization of 

that system relied on the presence of 12-mer DNA duplexes flanked by flexible spacers. The 

presence of this additional DNA material would be detrimental to the design of an NMR-

appropriate system, as it would mask the adenosine signals of interest. An alternative solution 
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proposed in this case is the use of branching phosphoramidites to grow d(An) stretches in a parallel 

orientation from the branching point. A symmetrical branching phosphoramidite can be used to 

preorganize 2 d(An) strands, while a trebler branching unit can preorganize 3 parallel d(An) strands. 

Although the use of the trebler produces a desirable strand arrangement given our current 

understanding of CA-mediated assembly, initial synthesis attempts showed that synthesis yields 

using this molecule were limited. For this reason, strands using the symmetrical branching units 

were synthesized as an alternative higher yielding design, as NMR experiments require a large 

amount of DNA material. 

 
Table A1.1| Linear and branched d(An) strands. The structure, exact mass and molecular weight (both in g/mol) 

are listed for each strand. 
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In addition to preorganization, capping moieties were included in the design to further 

discourage CA-mediated polymerization. Hexaethylene glycol (HEG) was chosen as the capping 

unit for most strands as its protons would produce 1H shifts away from the signals of interest for 

adenosine. Capped versions of monomeric (unbranched) d(A7) and d(A10), HA7H and HA10H, 

were also synthesized. The strand CA7C, a d(A7) strand without synthetic modifications simply 

capped with cytosine units was also investigated in preliminary experiments. 

The strands listed in Table A1.1 were synthesized according to standard automated solid-

phase synthesis procedures and purified by using reverse-phase packed cartridges that rely on the 

presence of the final 5’-DMT protecting group. This choice in purification procedure was made 

because of poor yields from commonly used polyacrylamide gel electrophoresis (PAGE) 

purification. The yields of unbranched strands and strands synthesized using the symmetrical 

branching unit following cartridge purification were excellent. On the other hand, molecules 

containing the trebler branching unit were obtained only in much lower yields, partly because of 

incomplete coupling following trebler addition (strands with only one or two branches), but also 

due to less efficient cleavage of the final product from the solid support. 

Strand characterization by denaturing PAGE was unsuccessful because of difficulties in 

staining short d(An) strands. The PAGE characterization aimed to verify whether incomplete 

products with missing branches formed as a result of failed coupling of one of the reactive groups 

at the branching stage of the synthesis were still present after purification using reverse-phase 

packed cartridges.  

All modified strands were characterized by LC-ESI-MS. No side products were observed 

for strands HA7H and HA10H (Figure A1.1 and Figure A1.2). Strands incorporating a 

symmetrical branching moiety did not elute as a single peak in liquid chromatography, indicating 

potential presence of multiple species, although the main peak in the mass spectrum corresponded 

to the correct structure. For strands containing the symmetrical branching unit (2HA7H and 

2HA10H), small amounts of n-1 products as well as a product truncated at the branching point 

(only one d(An) branch present) were present (Figure A1.3 and Figure A1.4). The intensity of the 

peak corresponding to the truncated single branch product was compared to the intensity of the 

full length product. For 2HA7H, the intensity of the peak for the truncated product was ~ 2.5% of 

the full product, and ~ 4% for 2HA10H. 
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Figure A1.1| LC-ESI-MS analysis for HA7H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) Mass spectrum 

(calculated exact mass = 2 817.69 g/mol, experimental mass from largest peak = 2 816.65 g/mol). 

 
Figure A1.2| LC-ESI-MS analysis for HA10H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) Mass 

spectrum (calculated exact mass = 3756.87 g/mol, experimental mass from largest peak = 3755.81 g/mol). 
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Figure A1.3| LC-ESI-MS analysis for 2HA7H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) Deconvoluted 

mass spectrum (calculated exact mass = 5851.35 g/mol, experimental mass from main peak (red arrow) = 5851.25 

g/mol). A lower mass range is also shown to show additional side products (bottom). Peak for species with 2971.79 

g/mol mass corresponds to a molecule with only one complete d(A7) branch grown from the symmetric branching 

unit. The intensity of this peak is about 2.5% of that of full product peak. 
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Figure A1.4| LC-ESI-MS analysis for 2HA10H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) 

Deconvoluted mass spectrum (calculated exact mass = 7729.69 g/mol, experimental mass from largest peak (red 

arrow) = 7729.58 g/mol). A lower mass range is also shown to show additional side products (bottom). Peak for 

species with 3910.87 g/mol mass corresponds to a molecule with only one complete d(A10) branch grown from the 

symmetric branching unit. The intensity of this peak is about 4% of that of the full product peak. 

 

The distribution of products for strands 3HA7H and 3HA10H, containing the 3-way 

branching trebler moiety, indicates the presence of many products that did not reach full length in 

synthesis or were not fully deprotected (Figure A1.5 and Figure A1.6). The main species other 

than the full-length product appearing in the mass spectra for 3HA7H and 3HA10H are the full-

length products still conjugated to the solid support linker (+ 262 g/mol), that failed to cleave off 

the molecule during deprotection. These products were present in significant proportion (~ 60% 

and ~30% of main product based on peak height in mass spectra for 3HA7H and 3HA10H 
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respectively). Truncated products were also observed for 3HA7H (two full branches out of three, 

~16% compared to height of main peak product). Although many other lower mass products were 

present both for 3HA7H and 3HA10H, truncated products with one out of three full branches were 

not identified for either construct. Furthermore, for 3HA10H, the two-branch truncated product 

was not detected either. Due to time constraints and limited amounts of material, the trebler-

containing strands were not purified further. 

 
Figure A1.5| LC-ESI-MS analysis for 3HA7H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) Non-

deconvoluted mass spectrum. c) Deconvoluted mass spectrum (calculated molecular weight = 8953.57 g/mol, 

experimental mass from largest peak = 8952.29 g/mol). Peak for species with mass 9214.29 corresponds to the full 

product with an uncleaved solid support linker; it’s intensity is about 60% of the main product peak. Peak for species 

with 6071.5771 g/mol mass corresponds to a molecule with only two complete d(A7) branches grown from the trebler 

branching unit (and to peak with mass 687.71 g/mol and charge -9 in the spectrum in (b)); it’s intensity is about 16% 

of the main product peak. Although many other side products are present, a species with only one complete d(A7) 

branch (mass 3189.85 g/mol) could not be identified. 
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Figure A1.6| LC-ESI-MS analysis for 3HA10H. a) Chromatogram (UV-Vis absorbance at 260 nm). b) Non-

deconvoluted mass spectrum.  c) Mass spectrum (calculated molecular weight = 11772.46 g/mol, experimental mass 

from largest peak = 11771.75 g/mol). Peak for species with mass 12033.04 corresponds to the full product with an 

uncleaved solid support linker; it’s intensity is about 30% of the main product peak. Although many other side products 

are present, species with only one or two complete d(A10) branches (mass 4129.02 and 7947.85 g/mol respectively) 

could not be identified. 

 

A1.2.2 NMR investigation of CA-mediated assembly of d(An) molecules 

Both 1D and 2D experiments were performed to investigate d(An) structure upon assembly 

with CA. The labelling of deoxyadenosine protons is shown in Scheme A1.1 a for reference. 

According to the proposed hydrogen bonded 1:1 CA:A hexameric array structure (Scheme A1.1 
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b), CA is expected to interact with both hydrogen bonding faces of adenine and thus to influence 

the chemical shifts of adenine protons H2 and H8 in 1H NMR.  

 
Scheme A1.1| Adenosine and CA-mediated hexameric rosette structure. a) Labelling of deoxyadenosine protons 

as referred to in NMR spectra assignment. b) Proposed 1:1 CA:A hydrogen bonded hexameric array structure. 

 

Preliminary DLS experiments comparing how CA7C, HA7H and 3HA7H respond to 

addition CA addition were performed, examining assembly of these strands with 10 mM CA vs. 

no added CA (Table A1.2). DLS showed that capping the d(A7) strand with cytosine residues 

(CA7C) does not prevent long-range assembly from taking place. This is reflected in elevated light 

scattering count rate for CA7C with 10 mM CA, which then translates to a large apparent 

hydrodynamic diameter (DH) compared to samples without CA addition. In contrast, there was no 

change in count rate for HA7H upon CA addition, and only a small increase for 3HA7H. Due to 

the low count rates, DH calculations for these samples are prone to a large variability making the 

results unreliable (very large error from replicate measurements). However, the qualitative 

conclusion is that the extent of CA-mediated assembly is lower for HA7H and 3HA7H compared 

to CA7C. 

The same samples examined by CD revealed new information (Figure A1.7). Whereas 

both CA7C and 3HA7H showed characteristic spectral changes upon CA addition indicating CA-

mediated assembly (negative peak at 252 nm), the spectrum for HA7H remained unchanged. In 

this case, the hexaethyleneglycol (HEG) caps at either end of the strand seemed to prevent CA-

mediated assembly.  
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 Count rate (kcps) DH (nm) 
 10 mM CA 0 mM CA 10 mM CA 0 mM CA 

CA7C 44.5 ± 18.7 2.5 ± 0.5 303.0 ± 218.7 1.4 ± 0.5 
HA7H 1.4 ± 0.2 1.3 ± 0.1 1.5 ± 4.5 0.3 ± 0.2 
3HA7H 4.6 ± 0.2 2.6 ± 0.4 0.5 ± 1.1 0.6 ± 2.0 

 
Table A1.2| Summary of count rate (kcps) and hydrodynamic diameter (DH) measurements from DLS for 

CA7H, HA7H and 3HA7H. Averages obtained from measurements obtained at 5 °C (CL 95%, n = 3). Samples 

contained a total [A] of 100 µM. 

 
Figure A1.7| CD spectra for d(A7) variants with 10 mM CA (red) vs. no added CA (blue). a) CA7C, b) HA7H, 

c) 3HA7H. Spectra collected at 5 °C (pH 4.5). Samples contained a total [A] of 100 µM. 

 

Previous experiments with short d(An) strands indicated that they require higher minimal 

CA concentrations to ensure assembly. For example, no assembly was observed below 10 mM CA 

with d(A7) strands. 1H NMR spectra for HA7H were thus obtained with 15 mM CA, to potentially 

favor assembly with a higher CA concentration. However, 1H NMR spectra for HA7H showed 

that the presence of 15 mM CA has no impact on the chemical shifts of adenine protons H2 and 

H8 (Figure A1.8), and the spectrum overlaps completely with the one obtained in the absence of 

CA. As slow kinetics of assembly for short strands have been observed in the past, incubation was 

extended in the hope of a different assembly outcome in the long term. Even after extensive 

incubation of HA7H with 15 mM CA (7 or 14 days at 4 °C), the spectrum remained unchanged, 

indicating that for the monomeric (unbranched) HA7H, the capping HEG groups at either end of 

the strand hinder CA-mediated assembly even at high [CA]. 
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Figure A1.8| 1H NMR spectra for HA7H with 15 mM CA (top) vs. 0 mM CA (bottom) at 5 °C (pH 4.5). Sample 

concentration 1 mM. 

 

 In contrast, for both branched strands with d(A7) stretches, 2HA7H and 3HA7H, CD 

spectra acquired features characteristic of CA-mediated assembly (strong negative peaks at 212 

and 252 nm) upon overnight incubation with 15 mM CA (Figure A1.9 a). The preorganization 

effect afforded by the branching units seemingly overcame the limitations that prevented assembly 

of monomeric HA7H to take place, and this despite also having capping HEG molecules as part 

of strand design for 2HA7H and 3HA7H. However, it is possible that the presence of truncated 

products (constructs with missing branches detected in LC-ESI-MS characterization) also 

contributed to the assemblies observed. In addition, the melting and annealing behaviour for these 

strands was different (Figure A1.9 b), with 2HA7H having a melting temperature (TM) of 23 °C 

(4 °C higher than 3HA7H), with a narrower FWHM than 3HA7H, and an annealing temperature 

(TA) of 10 °C (3 °C higher than 3HA7H), although with a wider FWHM in this case. 

Unfortunately, the 1H NMR spectra for 2HA7H with 15 mM CA indicated that the spectral 

signature observed by CD in the same conditions was in fact resulting from long-range CA-

mediated assembly (Figure A1.10). At 5 °C, the intensity of NMR signals for adenosine protons 

dropped almost to zero, as had been observed in preliminary experiments with uncapped strands, 

pointing to the fact that most of the DNA material in the sample was now involved in large 

structures whose slow tumbling resulted in signal decay making them invisible to detection. Signal 

intensity was recovered by raising the temperature, causing assemblies to denature and release free 



254 

2HA7H strands back into solution. At 15 °C, the assemblies were partially denatured, and signal 

intensity continued to increase with a further temperature increase to 25 °C, a temperature where 

strands are mostly disassembled according to CD melting experiments (Figure A1.9 b). The 

changes in signal intensity were accompanied by small changes in the chemical shifts of the H8 

and H2 adenosine protons.  

 
Figure A1.9| CA-mediated assembly of 2HA7H and 3HA7H studied by CD spectroscopy. a) CD spectra for 

2HA7H and 3HA7H with 15 mM CA (red) or 0 mM CA (blue) at 5 °C. b) Thermal denaturation and reannealing 

curves for 2HA7H (bright red) and 3HA7H (burgundy) with 15 mM CA. Samples contained a [d(A7)] of 100 µM. 

 
Figure A1.10| 1H NMR spectra for the thermal denaturation of 2HA7H. 2HA7H with 15 mM CA (pH 4.5) at 5, 

15 and 25 °C (bottom to top). Sample concertation 1 mM. 



255 

 Proton assignment was carried out by using a combination of TOCSY and NOESY spectra 

acquired for HA7H and 2HA7H at pH 4.5 in the absence of CA at 5 °C. TOCSY is a 2D 

spectroscopic technique which displays cross peaks for protons correlated within a spin system. 

Signals in NOESY spectra on the other hand arise when protons are located in close proximity to 

each other. The relevant portions of the assigned NOESY spectra for HA7H and 2HA7H are 

presented in Figure A1.11 and Figure A1.12 respectively. Adenosine residue labeling in the 

assignment is from 1 to 7 in the 5’ to 3’ direction. Both intra-residue and sequential, inter-residue, 

assignments are shown. Sequential cross-peaks are reported here for correlations between H8 and 

the H1’ or H2’/H2’’ protons of the 5’ neighbouring residue in the strand. The peak patterns for 

HA7H and 2HA7H are nearly identical, suggesting that d(A7) strands preorganized via the 

symmetrical branching unit within HA7H do not take on a particular conformation that is different 

from monomeric HA7H. Within the grouping of H8 protons, the A7H8 proton is the most 

deshielded, followed by A1H8 and A2H8. A3H8 and A6H8 nearly overlap and are located more 

upfield, next to A4H8 and A5H8 which cannot be distinguished from each other due to overlap. 

The chemical shifts of the H1’ protons follow a similar pattern related to residue position within 

the strand. It is possible that the protons closer to either end of the strand are more deshielded due 

to lower tendency for stacking with neighbouring residues, which is more likely to occur in the 

middle of the strand, for residues A4 and A5 for example, which in fact do have more shielded 

protons. The small changes in chemical shift seen for H8, H2 and H1’ protons in Figure A1.10 

with increasing temperature are more pronounced for the upfield protons (in the middle of the 

strand), as the strand loses stacking between bases at elevated temperatures. In structure 

determination, the correct assignment of H2’/H2’’ protons is important to determine sugar 

conformation.7 Typically, when the base is in an anti configuration, the cross peak intensity 

between H1’ and H2’’ is stronger than for H1’ and H2’. In contrast, cross peaks with H8 are 

stronger with H2’ than H2’’. This distinction was used to assign H2’/H2’’ cross peaks with H1’ 

and H8. Some weak cross peaks appear between H2 and H1’ protons, or with exchangeable amino 

protons (NH2), however they cannot be assigned with certainty. There is no indication for inter-

strand contacts in the cross peaks observed in these spectra. 
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Figure A1.11| Assigned NOESY spectrum for HA7H at pH 4.5 and 5 °C (250 ms mixing time). Sample 

concentration 1 mM. 

 

 



257 

 
Figure A1.12| Assigned NOESY spectrum for 2HA7H at pH 4.5 and 5 °C (250 ms mixing time). Sample 

concentration 1 mM. 

 

 NOESY spectra were also obtained for 2HA7H with 15 mM CA at 5, 15 and 25 °C (Figure 

A1.13). The patterns of the chemical shifts remained largely the same for the cross peaks in the 



258 

H2’/H2’’-H8 and H1’-H8 regions. The cross peaks in other regions were weak. As observed in 1D 
1H NMR spectra for 2HA7H (Figure A1.10), at 5 °C most of the signal decays due to the 

participation of strands in large assemblies. The 15 and 25 °C temperature conditions for additional 

NOESY experiments were selected to probe an intermediary temperature region during the 

transition from long-range CA-mediated assembly to monomeric material which occurs with 

melting. However, as mentioned above, the patterns of chemical shifts in these conditions remain 

largely unchanged. In addition, reduced mixing times were used for these experiments to 

potentially capture transient exchange of species from the assembled to monomeric state by 

looking for cross peaks close to the diagonal. However, this method was unsuccessful as relevant 

signals for exchangeable protons and shifts in H8 and H2 protons were not detected. 

 
Figure A1.13| Temperature dependent NOESY spectra for 2HA7H with 15 mM CA at pH 4.5 and 5 °C. a) 5 °C 

(250 ms mixing time), b) 15 °C (150 ms mixing time) and c) 25 °C (150 ms mixing time). Sample concentration 1 

mM. Note that chemical shifts do not match those observed in Figure A1.10 because the NOESY spectra were not 

correctly referenced. 
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A1.2.3 Additional temperature dependent NMR experiments in the presence of CA 

The experiments presented in the previous section revealed that, despite the design choices 

considering strand length, addition of capping groups and strand preorganization via branching 

molecules aiming to prevent aggregation following CA addition, the systems used did not meet an 

essential requirement for structure investigation by NMR by failing to prevent long-range 

assembly (considering that a small proportion of truncated products was present). The results in 

the following section were obtained concurrently, using branched strands that were not yet studied 

by NMR above (2HA10H, 3HA7H and 3HA10H). The 1D 1H NMR spectra for trebler-containing 

strands 3HA7H and 3HA10H indicated the presence of side products to a larger extent than the 

monomeric HA7H and branched 2HA7H (although some small peaks associated with side 

products and impurities were also detected for the latter), most likely associated with the most 

abundant side product, a full-length product with an uncleaved solid support linker. The trebler-

containing strands were not studied in detail with 2D experiments as they also showed aggregation 

(drop in signal in 1D NMR) with the addition of 10 mM CA. In addition, the NOESY spectrum 

for 2HA10H (data not shown) had a nearly identical pattern of cross peaks as 2HA7H for the most 

important regions (cross peaks between H1’ and H8 as well as H2’/H2’’ and H8), with more 

residues in the middle of the strand having overlapping signals, similarly to residues A4 and A5 in 

HA7H and 2HA7H. 

As a result, these strands could only be used to make additional phenomenological 

observations related to temperature responsive assembly behaviour. The melting behaviour of 

3HA7H and 3HA10H was compared using a series of 1H NMR spectra at temperatures from 5 to 

45 °C following incubation with 10 mM CA at 4 °C overnight (Figure A1.14). At 5 °C, signal 

intensity was low due to CA-mediated polymerization. As expected from previous studies, the 

aggregation of d(A7) containing 3HA7H is less extensive than for d(A10) containing 3HA10H, as 

strand length is known to influence extent of assembly at 10 mM CA. The known trends of strand 

length effect on melting behaviour are also on display as the transition from long range assembly 

to monomeric products detected by NMR (increase in signal intensity) occurs in different 

temperature ranges for 3HA7H and 3HA10H. For 3HA7H, the largest change in intensity is 

observed between 5 and 15 °C, whereas for 3HA10H, the transition continues until 25 °C, in line 

with previously observed trends, relating delay in thermal denaturation behaviour with increased 

strand length. The influence of side products present in trebler-containing samples is most apparent 
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in the H1’ region where the peaks are much less well defined than for the monomeric or 

symmetrical branch-containing strands. 

 
Figure A1.14| 1H NMR spectra following the thermal denaturation of 3HA7H and 3HA10H with 10 mM CA. 

a) 3HA7H (pH 4.5) at 5 to 45 °C (bottom to top). b) 3HA10H (pH 4.5) at 5 to 45 °C (bottom to top). Sample 

concentration 0.5 mM. 

 

 Temperature dependent 1H NMR spectra for 3HA10H with 10 mM CA also provide 

another illustration of the hysteresis observed between the annealing and melting behaviour of CA-

mediated d(An) assembly (Figure A1.15). The difference in the processes is most apparent in 

spectra at 15 °C on annealing and on melting. There is a larger delay in recovering signal intensity 

(monomeric state) in melting, compared to the annealing process. The spectra in this case were 

acquired with long equilibration times at each temperature setting (30 minutes), such that the 

overall rate of temperature change was on average ~ 0.25 °C/min over the sampled temperature 

range. The hysteresis remains substantial even at this temperature change rate, mirroring earlier 

observations made with monomeric, uncapped d(A10) strands in Chapter 3. 
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Figure A1.15| 1H NMR spectra following annealing and melting with temperature of 3HA10H with 10 mM CA. 

a) Annealing (pH 4.5) at 5 to 45 °C (bottom to top). b) Melting (pH 4.5) at 5 to 45 °C (bottom to top). Sample 

concentration 0.5 mM. Arrows indicate direction of temperature change. 

 

 13C labelled CA (CA-13C3) was also used to examine the assembly with 2HA10H using 13C 

NMR. The 1H spectra for 2HA10H with 15 mM CA-13C3 (Figure A1.16 b), once again show an 

increase in signal intensity with increasing temperature reflecting de-aggregation of assembled 

DNA material with melting. Similarly, the single peak appearing in the 13C spectrum starts out at 

a low intensity at 5 °C, due to incorporation of much of the CA present in solution into higher-

order assemblies with 2HA10H, and grows in intensity with increasing temperature, accompanied 

by a slight displacement to a higher chemical shift (Figure A1.17 a). The spectra for CA-13C3 

alone show similar changes in chemical shift with temperature (Figure A1.17 b), suggesting that 

it is indeed the free CA remaining in solution which gives rise to the signal observed for the sample 

containing 2HA10H. Note that the splitting of the CA-13C3 peak seen in Figure A1.17 b likely 

results from the aging of the aqueous solution (CA can undergo keto-enol tautomerization in water, 

although the keto form dominates). In contrast, freshly dissolved CA-13C3 displays a single peak 

in the 13C spectrum (Figure A1.17 c). 
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Figure A1.16| 1H NMR spectra for the thermal denaturation of 2HA10H. a) 2HA10H without added CA (pH 4.5) 

at 5 to 35 °C (bottom to top). b) 2HA10H with 15 mM CA (pH 4.5) at 5 to 35 °C (bottom to top). Sample concentration 

0.5 mM. 

 
Figure A1.17 | 13C NMR spectra for the thermal denaturation of 2HA10H with CA-13C3. a) 2HA10H with 15 

mM CA-13C3 (pH 4.5) at 5 to 35 °C (bottom to top). b) 15 mM CA-13C3 (pH 4.5) at 5 to 35 °C (bottom to top). Sample 

concentration 0.5 mM. c) Freshly dissolved 15 mM CA-13C3 (pH 4.5) at 5 and 25 °C (bottom and top respectively). 

 

A1.3 Conclusions 

NMR spectroscopy is a powerful tool for solving the 3D structures of proteins and nucleic 

acids. However, this sensitive, technically complex method has multiple requirements in terms of 
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sample purity, high sample concentrations and size of the molecules under investigation, among 

others. In this appendix, we have aimed to harness the potential of NMR spectroscopy approaches 

to directly observe CA-mediated assembly of d(An), not merely to rely on indirect characterization 

methods to study this structure (Chapters 2 and 3). We report on a series of monomeric and 

branched d(An) molecules that were designed with the goal of ensuring that CA-mediated assembly 

takes place, but only on a short length scale, avoiding extensive polymerization that makes 

structures invisible to detection by NMR. The designs presented here did not achieve this goal, as 

CA addition led to aggregation reflected by a significant drop in d(An) signal for all systems 

showing characteristics of CA-mediated assembly. In the absence of CA, NOESY cross peaks for 

HA7H and 2HA7H strands could be assigned. Temperature-dependent experiments on branched 

strands illustrated melting and annealing behaviour trends observed previously with unmodified 

d(An) strands. In addition to 1H NMR, 13C NMR experiments were carried out using 13C labelled 

CA and illustrated the incorporation of CA into the polymerized d(An) structures. 

Future perspectives for explicit solving of the CA-mediated d(An) structure keep raising 

the same questions that were asked at the outset of this study, as the experiments reported here 

have not succeeded in addressing them. In order to use NMR for this purpose, strand designs 

should be rethought. Alternative capping groups and preorganization schemes, or, in an entirely 

different approach, the creation of a self-contained system that is capped by a branching unit at 

either end must be considered. Importantly, pure materials are required to ensure that observations 

are not related to the presence of truncated products and impurities. Alternatively, it is possible to 

pursue CA-mediated d(An) assembly crystallization, an unpredictable avenue that we have touched 

on, but not fully explored, that nonetheless could lead to a treasure trove of structural information. 

 

A1.4 Experimental 

A1.4.1 Materials 

HPLC grade acetonitrile (MeCN), triethylamine (TEA), glacial acetic acid, trifluoroacetic 

acid (TFA), ammonium hydroxide (NH4OH), sodium chloride (NaCl), magnesium chloride 

(MgCl2), hydrochloric acid (HCl), sodium hydroxide (NaOH), sodium phosphate monobasic 

(NaH2PO4), sodium phosphate dibasic (Na2HPO4), cyanuric acid (CA) and cyanuric acid-13C3 

(CA-13C3) were used as purchased from Sigma-Aldrich. 
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For in-house DNA synthesis, the reagents and materials listed below were used. Anhydrous 

MeCN, universal 1000 Å LCAA CPG pre-packed columns (loading densities of 25-40 µmol/g), 

activator (0.25 M ETT in MeCN), alternative activator (0.25M DCI in MeCN), oxidizer (0.02 M 

I2 in THF/pyridine/H2O), Cap A mix (THF/lutidine/Ac2O), Cap B mix (16% MeIm in THF), and 

deblock solution (3% DCA/DCM) were all used as purchased from Glen Research. dA-CE and 

trebler phophoramidites were purchased from Glen Research. DMT-hexaethaloxy-glycol and 

symmetrical branching CED phosphoramidites were purchased from ChemGenes. Glen-Pak DNA 

purification columns were purchased from Glen Research. All phosphoramidites were dissolved 

in anhydrous MeCN at 0.1 M concentration for synthesis. 

1xTBE (Tris-boric acid-EDTA) buffer was composed of 45 mM Tris, 45 mM boric acid and 2 

mM EDTA at pH 8.3. 1xNaPiMg (sodium phosphate with added magnesium) buffer was composed 

50 mM NaH2PO4 and 7.5 mM MgCl2, pH was adjusted to 4.5 using HCl. 

 

A1.4.2 Instrumentation 

A Mermade MM6 DNA synthesizer from Bioautomation was used for in-house DNA 

synthesis. UV-Vis DNA quantification measurements were performed on a Nanodrop Lite 

spectrophotometer from Thermo Scientific. Liquid chromatography electrospray ioization mass 

spectrometry (LC-ESI-MS) was performed on a Dionex Ultimate 3000 system coupled to a Bruker 

MaXis Impact QTOF. Thermal annealing procedures were carried out using a heating black with 

adjustable temperature. DLS experiments were carried out on a Zetasizer Nano S90 from Malvern 

equipped with temperature control. CD experiments were performed on a Jasco J-810 

spectropolarimeter equipped with a xenon lamp, a Pelletier temperature control unit and water 

circulation. NMR spectra were acquired on Bruker Avance spectrometers operating at 600 or 800 

MHz. 

 

A1.4.3 Synthesis of d(An) strands 

Oligonucleotide synthesis was performed in-house on a 1 µmol scale, using standard 

automated solid-phase DNA synthesis on universal 1000 Å LCAA-CPG solid-supports. The 

coupling of the branching phosphoramidites was performed by combining equal volumes of 
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activator (0.25 M ETT in MeCN and 0.25M DCI in MeCN used for the symmetrical branch and 

the trebler coupling respectively) and phosphoramidite in anhydrous MeCN with an extended 

reaction time of 15 minutes under nitrogen atmosphere, followed by transfer of the column to the 

synthesizer for capping, oxidation and deblocking steps. In all syntheses, coupling efficiency was 

monitored after removal of the DMT 5’-OH protecting groups. The final DMT 5’-OH protecting 

group was not removed on the synthesizer to enable purification by oligonucleotide purification 

cartridges with reverse phase packing (Glen-Pak). Completed sequences were deprotected in a 

28% NH4OH solution for 16 hours in a 65 °C water bath, and purified by Glen-Pak cartridges 

following manufacturer-recommended procedure. Sequences for all modified strands are compiled 

in Table A1.1. Strand purity for modified strands was assessed by LC-ESI-MS analysis (Figure 

A1.1 to Figure A1.6).  

 

A1.4.4 Sample preparation and CD experiments 

Samples for all studies were prepared by combining concentrated DNA strand stocks with 

CA (0, 10 or 15 mM) in 1xNaPiMg pH 4.5 buffer. Samples were heated to 50 °C for 5 minutes 

followed by cooling at room temperature for 30 minutes and incubation at 4 °C overnight.  

For DLS studies, samples were filtered using 0.2 µm nylon syringe filters. 

For NMR studies, samples contained 10% v/v D2O and 1 µL of 5 mM 4,4-dimethyl-4-

silapentane-1-sulfonic acid (DSS) as a calibration standard. 

CD spectra were obtained (200 or 230 nm to 350 nm range, 100 nm/min scan rate, 1 nm 

bandwidth, 2 accumulations) at 5 °C. The samples were then thermally denatured at a rate of 1 

°C/min following the CD signal at 252 nm, at 0.5 °C intervals over the 1 to 40 °C range.  

 

A1.4.5 NMR experiments 

1D experiments were carried out at temperatures ranging from 5 to 45 °C using 5 or 10 °C 

intervals. Equilibration at each temperature setting was carried out for 5 minutes in most cases, 

except for the melting and annealing experiments with 3HA10H where a 30 minute equilibration 

time was used (slow annealing and melting conditions). 
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TOCSY spectra were recorded with standard MLEV17 spinlock sequence and with 80 ms 

mixing time. NOESY spectra in H2O were acquired with mixing times ranging from 75 to 250 ms. 

All 2D experiments were performed in H2O, where water suppression was achieved by including 

a WATERGATE8 module in the pulse sequence prior to acquisition. The 2D experiments were 

carried out at temperatures ranging from 5 to 25 °C.  All spectra were processed with Topspin 

software (Bruker), which was also used to generate 1D plots. The spectral analysis program 

Sparky9 was used for assignment of the NOESY cross-peaks and 2D data plotting. 
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