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Abstract

DNA scaffolds self-assembled by short-stranded synthetic DNA can be tailored to build

thermally reversible hydrogels with target binding sites. These hydrogels exhibit highly

selective binding properties due to the specificity of DNA, and also provide an aqueous

environment for various reactions to happen within the network constraints. Hence, a

careful study on the assembly mechanism and other physical aspects of DNA hydrogels

is required to facilitate the future design and construction of such materials at the

precise control.

In this thesis I present the work on well-designed DNA nano-stars as scaffolds for

functional bulk materials with potential applications in bio-sensing.

Chapter 1 starts with introducing the fundamental properties of DNA molecules,

focusing on the advantages of utilising short-stranded DNA to programme and engineer

micro- and macro- materials. Then it briefly reviews the field of rheology and micro-

rheology, with the diffusing wave spectroscopy (DWS) technique illustrated explicitly

as an example passive micro-rheology tool. Afterwards a critical literature review on

computational modelling of DNA systems is present, followed by the thesis outline at

the end.

Chapter 2 describes a simple DNA dendrimer systems self-assembled from three-

armed DNA nano-stars. The characterisation tools such as UV-vis spectroscopy, gel

electrophoresis and dynamic light scattering (DLS) are introduced to verify the final



production of the complex DNA structures. From this practice, we develop a routine

for designing DNA scaffolds that yield optimal productivity.

Chapter 3 investigates the mechanical properties of DNA hydrogels made of three-

armed DNA nano-stars and how they change upon cooling and heating empolying DWS

micro-rheology. The resulting viscoelastic moduli over a broad range of frequencies

reveal a clear, temperature-reversible percolation transition coinciding with the melting

temperature of the system’s sticky ends. This indicates that we can achieve precise

control in mechanical properties of DNA hydrogels, which is beneficial for designing

more sensitive molecular sensing tools and controlled release systems.

Chapter 4 develops a coarse-graining computational model of DNA hydrogels that

resembles the system in Chapter 3 using LAMMPS, a classical molecular dynamics

code. Thermodynamics, structural analysis and rheology tests were taken, qualitatively

reproducing the physical phenomena of DNA assembly of the hydrogel network.

Chapter 5 studies the internal behaviours of three-armed DNA complexes using

oxDNA model also implemented in LAMMPS, with particular focus on the effect of the

inert bases in the core and between double-stranded branches and single-stranded sticky

ends. A deep insight into sequence-dependent behaviour of such complex structures

can guide the parameter optimisation of the individual building blocks for the model

described in Chapter 4.

Chapter 6 concludes the thesis and presents an outlook for the future work that

emerged out of my experimental and numerical studies.
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Chapter 1

Introduction

1.1 Background: DNA as an intelligent glue

Since the double-helical structure of DNA (deoxyribonucleic acid) was first proposed

by Watson and Crick in 1953 [1], DNA has been widely explored as carrier of genetic

information as well as a generic bio-polyelectrolyte wifth interesting properties. In

particular understanding the highly hierarchical packaging of DNA in chromosomes

represents a challenging theoretical problem. Being found in all living bodies, DNA

performs the crucial functions of storing and encoding genetic information. At the

same time, its special physical and chemical properties as well as the easy synthesis of

short strands have triggered ovefrwhelming interest in the field of materials science

and engineering with control at the molecular level [2–4].

1.1.1 Chemical and physical properties of DNA polymers

Double-stranded DNA (dsDNA) consists of two single-stranded DNA (ssDNA) chains

running anti-paralleled in terms of the sugar (3’) and phosphate (5’) ends of the

backbone, which are bound to each other via hydrogen bridges between the nitrogenous

1



Introduction

base guanine (G) and thymine (T), or cytosine (C) and adenine (A), as shown in

Fig. 1.1(a). The ssDNA chain is a long flexible polymer chain in which each negatively

charged sugar-phosphate repeat unit carries one of the four bases. In the linear, double-

stranded form the bases G and C can form three hydrogen bonds (H-bonds) while

the AT-pair only forms two H-bonds. Because of these topological constraints only

two complementary ssDNA chains can bind fully to each other. Hence the sequence

and directionality of complementary ssDNA provide a high specificity allowing the

encoding of a large amount of information. Details of the chemical components of the

nucleotides are illustrated in Fig. 1.1(b).

Fig. 1.1 Schematics of DNA structures. (a) Doulbe helical structure of DNA. (b)
Chemical components of nucleotides. Image taken from [5].

The stability of DNA duplex is primarily dominated by the base pairing, but

it is also affected by base stacking [6]. The base paring strength depends on the

number of H-bonds given by the specific sequence used as well as external conditions

such as temperature, pH and ionic concentration of the solvent, and even the DNA

configurations that can be adopted. The typical energy of a H-bond varies from 1 to

40 kcal/mole, which is far weaker than covalent or ionic bonds [7]. Base stacking, on the
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other hand, refers to the interactions between adjacent bases, which are hydrophobic

and electrostatic in nature [6]. The strength of base-stacking interactions is comparable

the to the strength of H-bond but it also depends on the next-neighbour (NN) pair, for

instance AC/TG. There are 10 possible permutations of pairs in a linear duplex. This

base-pair stacking interactions contribute to the twist in the double-stranded DNA

structure.

A-DNA B-DNA Z-DNA

(a) (b) (c)

Fig. 1.2 Illustrations of the side and top views of the three commonly recognised DNA
conformations: (a) A-DNA, (b) B-DNA and (c) Z-DNA. A-DNA and B-DNA are
right-handed, where Z-DNA is left-handed. Red and green arrows indicate the 5’-to-3’
directions of the two complementary ssDNA chains. The image is re-adapted from
Ref. [8].

There are three commonly regarded types of dsDNA, namely A-DNA, B-DNA

and Z-DNA, as is shown in Fig. 1.2. They differ from each other in geometry and
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dimensions, and exist under different conditions. Here we shall focus on the B-form as it

is the most commonly found conformation in nature; details about other conformations

are detailed in Ref. [9–11]. The diameter of a B-DNA is 2.0 nm, and the distance

between two consecutive base pairs alongside the chain is about 0.332 nm. As the

twist angle between two adjacent base-pair stacks is approximately 36◦, the helix

undergoes a full turn every 10 bps ( 3.32 nm) [12]. Because the persistence length 1

of dsDNA is approximately 50 nm (≈ 150 bp), it can remain fairly rigid for a couple

of turns. On the other hand, ssDNA is rather floppy with the persistence length only

at 1 nm (≈ 3 bases). Since the dsDNA found in biological systems is normally at

the length scale of several tens of kbp or above, they can be regarded as long flexible

polyelectrolytes with physical properties and behaviour in aqueous conditions following

the same scaling laws as synthetic polyelectrolytes. But in the more recently emerging

field of structural DNA nanotechnology, researchers have started to play with short

DNA strands that are synthesised via base-wise chemical reactions. The short DNA

strands are normally about 100 bp long. The main advantage using short ssDNA

is that one can programme their self-assembly into nano-scaled materials such as

nanomachines or DNA origamis [3, 4, 13, 14].

Besides the most common double-helical chains, the hydrogen bonds in DNA may

also form exotic DNA structures such as G-quadruplexes [15] and i-motifs [16] as

is shown in Fig. 1.3 [17]. A G-quadruplex (also known as G-tetrad) is a square

arrangement of guanines, which typically occur via Hoogsteen hydrogen bonding2 when

the DNA sequence rich in sequences with four consecutive guanines (G). Conversely,

the i-motif is a cross-structure of four DNA strands based on intercalated C-C+ base

pairs. Holliday junctions are also possible [19] and shall be introduced in Chapter 2
1Persistence length is a parameter quantifying the stiffness of a polymer, within which the polymer

is considered as ‘rigid’.
2Hoogsteen hydrogen bonding is a variation of base-pair bondings in nucleic acids. Two bases are

bonded via hydrogen bonds but in a different manner from Watson-Crick pairs [18].
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with more details. Fig. 1.3 shows a schematic of a G-quadruplex (Fig. 1.3(a)) and

an i-motif structure (Fig. 1.3(b)), both of which are widely studied in DNA-structure

researches [20]. They used to be considered as ‘unexpected structures’ in the design of

DNA self-assembly systems, which are normally dominated by Watson-Crick pairing,

but nowadays they are becoming more popular for manipulating and constructing DNA

nano-machines and -structures [21, 22]. Details of relevant research shall be introduced

in the following section.

Hoogsteen base pairs

Fig. 1.3 Exotic DNA structures. (a) G-quadruplex: four guanines bind via hydrogen
bonding. The resulting squares are stacked as depicted in the figure. (b) I-motif: a
strand with many cystosines can make hydrogen bonds between these nucleotides at
low pH. Image taken from [17]. © 2010 Royal Society of Chemistry.

1.1.2 DNA thermodynamics

DNA thermodynamics gives information on how temperature affects dsDNA melting

and hybridisation, which refers to the disassociation and association of the hydrogen

bonds between complementary oligo strands. It can be described by a chemical reaction

shown in Fig. 1.4 Top, where AB stands for the duplex DNA, and A and B for the

corresponding complementary ssDNAs. A typical parameter to characterise this process

is the melting temperature Tm, at which half of the base-pairs in the AB duplex are
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un-bound whilst the other half remains bound. For a detailed analysis of the chemical

reaction and its relation to Tm, see the supporting information of Ref. [23].

Tempearture /°C

A
(T

) 
@

 2
6
0
 n

m

[AB] [A] + [B]

Fig. 1.4 Typical UV absorbance at 260 nm as a function of temperature observed
for DNA melting. Linear base lines fitted to high- and low-temperature plateaus are
drawn in dash. Melting temperature can be extracted from the crossover between the
melting curve and the intermediate solid line.

Given a specific DNA sequence, the value of Tm can be theoretically calculated

based on the Nearest-Neighbour (NN) model proposed by John SantaLucia [24]. In

NN model, the Gibbs free energy ∆G◦ that describes the DNA hybridisation reaction

is given by [24]

∆G◦ =
∑
i

ni∆G◦(i)+∆G◦(init
w

term
G ·C)+∆G◦(init

w
term

A ·T )+∆G◦(sym). (1.1)

In Eq. 1.1, the first term on the right-hand side is the sum of the contributions from all

neighbouring base pairs in a row, with ∆G◦(i) being the standard free-energy changes

for the 10 possible Watson-Crick NNs, the database of which are given in [24]. The

second and third terms are initiation energies from A-T or C-G pairs at the two ends

of the duplex, and the forth term comes from the sequence symmetry.
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The Gibbs free energy ∆G◦ can also be expressed in terms of the system’s enthalpy

∆H◦ and entropy ∆S◦:

∆G◦
T = ∆H◦ − T∆S◦, (1.2)

with ∆H◦ and ∆S◦ being calculated in the same way as ∆G◦ done in Eq. 1.1 [25, 24].

Tm can then be computed from the measured ∆H◦ and ∆S◦ that are tabulated,

following the equation:

Tm = ∆H◦/(∆S◦ + R lnCT). (1.3)

Here R=1.987 cal/Kmol is the gas constant and CT is the total ssDNA concentration3.

Note that the added NaCl concentration is also considered in the NN model, which

enters as additional term in Eq. 1.1 [24]. However, the so-called ‘inert tails’ that are

dangling on the DNA ends without being involved in the hybridisation process had

not been taken into account, and was only recently discussed by Di Michele et al. in

Ref. [23].

Experimentally, the melting (or hybridisation) process of dsDNA is depicted in

Fig. 1.4, where the absorbance of a DNA solution is measured at 260 nm as a function of

temperature using UV-vis spectroscopy. This is because ssDNA absorbs the wavelength

of 260 nm about 37 % more than dsDNA. Hence, one observes a plateau in the UV-vis

data well above the melting temperature of DNA when all duplexes are melted, while

the plateau at lowest temperature is established when all allowed base pairs are formed.

Normally, there is no hysteresis between the cooling and heating ramps for equilibrium

hybridisation. The melting temperature is defined as the temperature at which half of

all hydrogen bonds are unbound and can be defined as the median between the two

measured plateaus (marked by the star in Fig. 1.4).
3More details about the deduction see Section 4.3.1.

7



Introduction

1.1.3 Examples of DNA-based smart materials

Due to the highly specific binding properties, DNA (particularly ssDNA) can serve as

an intelligent ‘glue’ to adhere building blocks with its complementary counterpart. For

instance, ssDNA-coated colloids (DNACCs) have been widely used to direct the specific

aggregation of micron- or nano-sized particles since 1996 when this strategy was first

proposed [26, 27]. Over the past decades, many research studies on DNACCs have

boosted this topic, in particular the formation of DNA-programmed nanocrystals [28–

31], DNA-intermediate colloidal-gels [32–36] and their utilizations as frameworks and

sensors [37, 38]. Also colloidal oil droplets were successfully surface coated with short

DNA strands to achieve directed assembly [39–43]. One advantage of using emulsion

droplets is the mobility of the linkers on their liquid interface, which gives an extra

degree of freedom that may allow aggregated oil droplets (with sizes ranging from

20 nm to 10 µm in diameter) to re-arrange even after aggregation [40].

Apart from forming ‘bridges’ for other materials, DNA can also self-fold into

complex structures. A well-known example are DNA origamis that can form 2D or 3D

nanoscale architectures fabricated by a single, long genome DNA strand with numerous

short ssDNA staples that attach to specific binding sites on the long one [13, 44–

46, 45, 47]. Since the feasibility of DNA origamis was first demonstrated in 2006 [13],

researchers’ enthusiasm and passion of building up more ‘fancy’ origami structures has

expanded [44–46, 45, 47]. In 2012, Peng Yin’s group published a new design strategy of

DNA origami, where the long ‘scaffold’ DNA is not needed anymore; instead, thousands

of pre-designed ssDNA can self-assemble into target frameworks themselves [48]. To

distinguish their approach from the traditional origami folding, they gave it the name

‘DNA bricks’ - because the ssDNA strands can be used like ‘Lego-bricks’ that can be

stacked to form a 3D structure. In 2017, the same group reported a different DNA

origami folding approach in which a single long ss- DNA or RNA is able to fold on its
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own [49]. Fig. 1.5 presents these three typical origami folding approaches. Though

being demonstrated to self-fold into arbitrary eye-catching user-prescribed shapes,

DNA origamis have not yet proved to be affordable materials for making functional

frameworks or devices in reality due to its incredibly high cost.

(a) (b) (c)

Fig. 1.5 Cartoon comparing different folding strategies such as (a) DNA bricks, (b)
scaffold origami and (c) single-stranded DNA or RNA origami. The image is taken
from [49]. © 2017 The American Association for the Advancement of Science.

Unlike densely-packed origami, DNA hydrogels have less ordered structures but

more empty space within the framework, which can retain huge amounts of water. I

will present a detailed literature review on DNA hydrogels in the following section 1.2.

While I do not cover all aspects of DNA-functionalised materials and DNA-based

nanotechnology here, some important publications on assisting rational design and

precise control of nano-materials and devices can be found in several references [50–

54, 2].
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1.2 DNA hydrogels

DNA hydrogels are semi-flexible polymeric networks made of well-defined DNA building-

blocks that are connected to each other either via chemical or physical crosslinkers [55,

20]. These man-made bulk DNA hydrogels (pure or hybrid) have been widely studied

as functional materials that can be potentially used for controlled drug delivery [56–58],

tissue engineering [59], bio-sensing [60], bio-printing [61, 62] and other applications in

the fields of nanotechnology and bioengineering mainly because of their bio-compatibility

and the ability to mix them with other (bio)polymers. While current studies mostly

focus on the fabrication [63–66] and utilization [67] of DNA hydrogels, the fundamental

physics relating the microstructure of these gels to their macroscopically observed

viscoelastic properties still lacks good understanding. This motivated us to employ

microrheology to investigate the mechanical properties of DNA hydrogels at the micro-

length scale, which may further facilitate the design of more sensitive molecular sensing

tools and controlled release systems.

There are different ways of categorizing DNA hydrogels, one of which is by the

type of crosslinkers that associate the network. In this section, I will first introduce

current research on DNA hydrogels conducted by various research groups sorted by

the crosslinking strategy: ligation, i-motif and DNA hybridisation. One should also

note that here I deliberately left out the DNA hydrogels that are formed via physical

entanglement of natural, long DNA strands [68–70]. Then I will briefly discuss the

hydrogel system that I have been working on. As review of rheology and microrheology

will be presented in the next section.

The first DNA hydrogels were reported in 2006 by Soong Ho Um et al. [56], where

self-assembled branched DNA were constructed into bulk hydrogels via ligase-catalysed

reactions (Fig. 1.6(a)). The 4-base-long sticky ends of branched DNA were hybridized

with their complementary counterparts, and the separated phosphate backbones were
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Fig. 1.6 Cartoons illustrating different crosslinking strategies for DNA hydrogels: (a)
DNA ligation, (b) i-motif structure and (c) DNA hybridisation. Image (a) was taken
from from [56], © 2006 Springer Nature; (b) from [71], © 2009 John Wiley and Sons;
(c) from [72] © 2015 Royal Society of Chemistry.

then joint together covalently with the help of a DNA ligation enzyme [56]. DNA

ligation creates stronger connections between DNA monomers, but the irreversibility

of the gelling process may reduce our control over these smart materials.

Dongsheng Liu’s group later proposed a strategy of using the ‘i-motif’ structure (see

sec. 1.1) as switchable crosslinkers to form and deform DNA hydrogels (Fig. 1.6(b)) [71].

These DNA hydrogels can switch between sol-gel states by simply controlling the

environmental pH values, as i-motifs are only stable within pH 3 to 7, depending on the

sequences and total ionic strength used [20]. Based on the i-motif interlocking, hybrid

DNA hydrogels with pH-sensitive functional properties (e.g. swelling) and applications

(e.g. sensing, and controlled releases) have also been thoroughly explored over the

past decade [73–80]. However sensitive the response is, the i-motif structures can only

achieve a single recognition and thus respond to a single stimulus (sometimes more

than one, but only in hybrid DNA hydrogels where other stimuli are introduced by

11



Introduction

other components). Hence, the most powerful aspects of DNA, i. e. its high specificity,

is lost in this type of systems.

Here we come back to the most classic way of using DNA as an intelligent glue -

DNA hybridisation via Watson-Crick pairing (see Fig. 1.6(c)). It provides a unique

way to achieve programmable self-assembly of thermally reversible gels with precise

functionality. An example are hydrogels that are self-assembled from 2-, 3-, and

n-valent DNA nanostars and their mixtures that were investigated by the group of

Sciortino [81, 82]. They have carried out a series of computational and experimental

studies focusing on the phase diagram and dynamics of DNA hydrogels at various

temperatures and concentrations, providing a good reference for creating thermally

reversible, percolating gels upon cooling [72, 81–90].

In this thesis, I specifically discuss one class of DNA hydrogel that is self-assembled

from tri-valent DNA-nanostars, which we refer to as Y-shapes or Y-DNA. These

are made of 3 ssDNA chains that are partially complementary so that they form a

core of three dsDNA arms that carry the same sticky ssDNA ends. On their own

these Y-shapes (formed at higher temperatures) cannot hybridize to each other at

any temperature as they all have the same ends. Hence we mix them with Y’-shapes,

which have the same dsDNA core but complementary sticky ssDNA ends. As I will

show later, the Tm of the complementary overhangs of the Y- and Y’-DNA nanostars

was designed such that they form well below the melting temperature of the Y-shapes

themselfs. Their 1:1 mixtures then from thermally reversible, viscoelastic hydrogels.

1.3 Rheology and micro-rheology

Rheology is a study of how matter deforms and flows when expose to an external force.

The system can be solid-like (simple solids), fluid-like (simple fluids), or displaying

an intermediate behaviour (complex fluids). Simple solids are described by their

12



1.3 Rheology and micro-rheology

elasticities, i. e. the deformation in response to an applied stress, while simple liquids

are characterized by their viscosity, which a material property. Most soft materials

exhibits both properties, hence they are called viscoelastic. Examples are colloidal

suspensions, emulsions, polymer melts and solutions, liquid crystals, or surfactant

phases [91, 92].

1.3.1 Bulk rheology

The linear viscoelasticity of a complex fluid is normally measured by applying a

modest, oscillatory deformation giving the storage modulus G′(ω) and the loss modulus

G′′(ω) [91]. The measured response reveals the mechanical and fluid properties of the

material at various angular frequencies ω corresponding to different timescales and

therefore the underlying structures [93]. Traditionally the shear moduli of complex

materials are measured using a mechanical or bulk rheometer, which usually requires

macroscopic amounts of the sample under investigation. In the linear viscoelastic

regime the frequency-dependent moduli G′(ω) and G′′(ω) can be calculated following

the Eq. 1.4 [91],

σ(t) = γ0[G
′(ω) sin(ωt) +G′′(ω) cos(ωt)], (1.4)

where σ(t) is the time-dependent shear stress, γ0 is the strain amplitude, and ω is the

angular frequency of the applied shear stress. G′(ω) and G′′(ω) can be combined into

the complex modulus G∗(ω) via Eq. 1.5:

G∗(ω) = G′(ω) + iG′′(ω). (1.5)

The ratio of G′′ and G′ determines whether the material is more solid-like (when

G′′/G′ < 1) or liquid-like (when G′′/G′ > 1).
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Fig. 1.7 (a) Illustration of oscillatory shear, applying a time-dependent sinusoidal
deformation. (b) Oscillatory test for viscoelastic behaviour, presented as a sinusoidal
function versus time, e.g. with preset shear strain and resulting shear stress; the two
curves are offset by the phase shift δ.

As mentioned before, one disadvantage of using traditional bulk rheology is the

requirement of large sample volumes (∼ ml or more). Further, due to the high inertia

of the geometries used in bulk rheology (such as cone-plate or Couette-geometries)

frequencies only up to a few hundred Hz can be reached, which means only true

bulk properties and very slow dynamics can be tested. Furthermore, the sample

cells are usually open to the environment. Hence evaporation can interfere with high

temperature and long-time experiments. These limitations encouraged the development

of microrheology techniques that relay on measuring the motion of micron-sized probe

particles embedded in the materials of interest [92, 94, 95].

1.3.2 Micro-rheology

Current microrheological techniques can be categorized into ‘active’ and ‘passive’ mi-

crorheology, with the distinction being whether the motion of probe particles embedded

is driven by an applied external forces (the former) or by simply measuring the thermal

motion of that probe particle. In recent decades, the evolution in instrumentation has
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1.3 Rheology and micro-rheology

boosted the development of the field of microrheolgy. Active microrheology relies on

state-of-the-art instruments that can supply driving forces that are able to manipulate

sub-micron particles, such as optical tweezers [96–98], magnetic tweezers (when using

fereomagnetic beads) [99–101], and AFM tips [102, 103]. Passive microrheology is

mainly based on particle tracking or light-scattering techniques (single or multiple

scatterings) that can detect the thermal motion of either the embedded probes or the

materials themselves. But also weak trapping of the probe bead and monitoring its

thermal fluctuations in time is a form of passive microrheology. Fig. 1.8 illustrates a

schematic representation of single-particle video tracking based on an optical tweezer

setup in our lab; for more details please see [104]. In the following context, we shall

briefly introduce diffusing-wave spectroscopy (DWS), which is another microrheology

technique that was used in this thesis.

Fig. 1.8 Illustration of a passive micro-rheology setup based on an optical tweezing
technique to extract rheological parameters of a sample from the trajectory of the
embedded probe colloids.

Diffusing-wave spectroscopy (DWS), a technique that measures the dynamics of

strongly scattering samples [105, 106] is an established technique to perform microrheo-
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Fig. 1.9 Schematic illustration of the diffusing-wave spectroscopy (DWS) setup: a
685 nm diode laser beam impinges onto the sample, and the diffusely scattered light
is collected by the photodiode on the other side of the sample. Probe particles are
uniformly embedded inside the sample.

logical studies of complex fluids at much shorter time and length scales than conventional

bulk-rheology can achieve [107–110]. DWS measurements rely on time correlations of

diffusively scattered light caused by submicron-sized spherical tracer particles embedded

in the measuring sample (see Fig. 1.9). The thermal motion of the particles is described

by the mean-square displacement (MSD), denoted as ⟨∆r(t)2⟩. This is measured by

the real-time fluctuations of the scattered light collected by a photon-detector and

presented as the intensity-autocorrelation function (ICF), g2(τ) = ⟨I(τ)I(0)⟩t / ⟨I(0)⟩
2
t ,

where I(0) and I(τ) are the scattered intensities at time zero and some delay time τ

later. The decay of g2(τ) is related to the time evolution of particle motion, allowing

for the MSD of the particle to be measured [105]. The complex viscoelastic modulus

and MSD are related to each other through the generalized Stokes-Einstein relation

(GSER) given in Eq. 1.6, assuming the fluctuation-dissipation theorem holds[107, 106]:

G̃(s) ≈ kBT

πRs ⟨∆r̃2(s)⟩
. (1.6)
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Here G̃(s) and ⟨∆r̃(s)2⟩ are the Laplace transforms of the complex shear modulus

and the MSD; R is the radius of the tracer particles, and s the Laplace frequency.

By replacing s with iω we obtain the G′(ω) and G′′(ω) from the complex shear

modulus G∗(ω) = G′(ω) + iG′′(ω) [106, 107]. Data analysis of DWS microrheology see

Appendix B.0.3.

1.4 Computational modelling of DNA

Computational modelling of DNA and DNA-based systems emerged in the 1980s [111,

112] and has been greatly expanded in the past few decades [113–118]. These models

are coarse-grained (CG) at different levels to address the thermodynamic and physical

properties of DNA systems at differetn time and length-scales (Fig. 1.10). For example,

in the field of biology, DNA folding and its interaction with proteins is often emphasised,

which requires a deep understanding of DNA conformation and mechanics [119–124].

On the other hand, in non-biological systems, where DNA is normally treated as an

interacting medium bridging other building blocks, the accurate prediction of DNA self-

assembly that represent the programmability of DNA sequences is of importance [125–

133]. These simulation models allow for a more efficient way to charaterize the vast

parameter space in DNA systems, thus replacing some of the exhaustive and costly

experiments of designing and exploring new DNA systems.

Atomistic models of DNA simulation (Fig. 1.10(a)), where short DNA strands

(usually tens-of-bps long) are represented by a set of atoms employed with classical

force-fields such as CHARMM [136] and AMBER [137], provide the highest level of

details on DNA crystal structures [134, 138, 139]. In such models, interactions between

all the atoms in DNA molecules and the surrounding solvent are considered; thus,

the performance of a model is mainly dominated by the accuracy of its force-field
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(a) (b) (c)

Fig. 1.10 Examples of DNA simulation models at different coarse-grain levels. (a)
Atomistic DNA model exploring nucleic acid structures influenced by solvent and
ions. Image taken from [134]. (b) oxDNA model to study the thermodynamics and
configuration of short DNA strands. Image taken from [128]. (c) Genomic DNA model
investigating DNA-binding proteins and genome organization. Image taken from [135].

approximation4. These models have been successfully applied to study the mechanical

behaviours of short pieces of DNA such as stretching, twisting and bending, and also to

simulate DNA recognition by other molecules such as ligands and proteins [113, 117].

However, the price is high to keep the fullest information at the all-atom level, as the

heavy calculation limits the length-scale (. 100 bps) and time-scale (. µs) of DNA

systems one can play with.

The worm-like chain (WLC) model describes long, flexible polymer chains by a

string of connected beads with bond, angle and rotation restrictions. It can be adapted

to represent long strands (& kbps) of dsDNA molecules [116, 12] (Fig. 1.10(c)). In

DNA computational models using the WLC theory, each bead is uniformly packaged

with segments of dsDNA that can vary on length scales from several bps to kbps

from case to case. These models are normally parameterised by the persistence length

of dsDNA, and result in good agreement with experimental data for diffusion and
4A detailed literature review of force-fields in atomistic models can be found in [117].
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structural relaxation of long DNA chains [114, 116]. Though low in resolution, they

are sufficient and efficient enough to study large DNA systems, e.g. DNA wrapping

into chromatin, where a higher level of details is not relevant [135, 140].

The rapidly growing field of DNA nanotechnology utilising the pairwise recognition

of DNA sequences has accumulated vast experimental data, and the design of DNA-

based nanoscale materials is in great demand [141]. Computational models that can

capture the essential physics of DNA melting and hybridisation transitions would

facilitate the design process and dramatically save the testing cost in experiments.

However, neither atomistic nor WCL models are ideal to achieve this goal. Therefore, an

intermediate coarse-graining level of DNA simulation model is in need to represent the

conformational and thermal properties of short DNA strands (10 ∼ 1000 bps). These

CG models can be divided into two groups according to whether the parameterisation

strategy is a top-down approach [130, 141–144], where the interactions are empirically

parameterised to match the available experimental data, or a bottom-up one [145–147],

where the force fields are vigorously extracted from reference atomistic simulations.

In the following text I will introduce two notable models, namely the 3SPN and the

oxDNA model, both of which are based on top-down approaches. I refer to Ref. [114]

for a comprehensive overview of other models at similar coarse-graining levels.

Juan de Pablo’s group reported the first 3-Site-Per-Nucleic (3SPN) coarse-grained

model for DNA in 2007 [130], which reduces the complexity of a nucleotide into three

interaction sites corresponding to the phosphate (P), sugar (S) and the base (b). Among

these, the base sites are further specified into four subcategories (Ab, Tb, Cb and

Gb), each representing one type of base in DNA. The coordinates of each site are

determined accordingly from those of a standard B-form DNA, in order to map the

basic geometry of a DNA duplex with the major and minor grooves included explicitly.

Isotropic potentials are applied to feature base-paring and base-stacking interactions,
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and electrostatic forces are also considered as a key element. By successfully reproducing

the persistence length of ssDNA and dsDNA, salt-dependent melting temperatures and

the dynamics of bubble formation using this model, 3SPN proves to be a reasonable

description of DNA at the molecular level. Subsequent efforts have been made by the

same group to refine the original 3SPN model, ending up with the 3SPN.1 model [148]

in 2009 and the 3SPN.2 model [144] in 2013 as the second and third generations

of the previous version. Significant improvements have been adapted to the latest

version such that it captures structural and thermal properties more accurately and

consistently with experimental data [149–152]. Besides being predictive model for DNA

hybridisation, it also shows the capability to investigate DNA-protein interactions,

which is a focus in the field of biophysics.

(a) (b)

Fig. 1.11 Schematics of 3SPN model. (a) Depiction of CG interaction sites for
nucleotides. (b) 3D representation of 13 bps dsDNA. Image adapted from Ref. [130].
© 2007 AIP Publishing.
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Another well-known example in the same coarse-graining division is the oxDNA

model (named after Oxford, where it was originated), which was introduced by Thomas

Ouldridge and co-workers in 2010 [153]. After nearly a decade’s development, the

oxDNA model is now seen as the most successful CG model in DNA nanotechnology [154–

156]. The original oxDNA model represented each nucleotide with one interaction

site for the backbone, three for the base, and an additional normal vector indicating

the plane of the base (Fig. 1.10(b)); however, it should be noted that all the bases

are identical, i.e. sequence specificity was not yet considered. This model captured

the essential thermodynamics and structural properties of short DNA strands [157],

and successfully reproduced the free-energy landscape of DNA nanotweezers [153] and

the topology of DNA kissing complexes [158]. Subsequently, a sequence-dependent

parameterisation was introduced in a more refined version , called oxDNA1.5 [154],

which correctly reproduced the formation of major and minor grooves. The latest version

is called oxDNA2 [155]. These improvements substantially extend the capability and

adaptability of oxDNA, opening up a variety of new applications for the model [127, 159–

164].

1.5 Outline of the thesis

The work presented in this thesis focuses on designing and understanding DNA scaffolds

for constructing functional hydrogels.

In Chapter 2, I report the work I carried out at the beginning of my PhD

studies. It concerns the fabrication and characterisation methods of dendrimer-like

DNA complexes self-assembled from Y-shaped DNA-nanostars. The design of the

Y-shaped structures was originally inspired by similar work done by Dan Luo [165], but

later modified and adapted to our own use. I successfully constructed Y-shaped DNA

building blocks and dendrimer-like DNA complexes in experiments, and demonstrated
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(a) (b)

minor groove

major groove

Fig. 1.12 Schematics comparing (a) the original oxDNA model with equal groove
widths with the (b) oxDNA2 that can differentiated major and minor grooves. The
dash circle sketches the transverse section of dsDNA, and the solid circles inside
represent the interaction sites for backbones and bases. Image adapted from [155].

the high yield of their formation, which assures the design principle in return. The

whole work presented in this chapter is the basis of my subsequent projects in exploring

DNA hydrogels.

I have dedicated the largest fraction of my PhD time to explore the microrheology

on DNA hydrogels, which is presented in Chapter 3. Here we performed microrheology

measurements using diffusing-wave spectroscopy (DWS) to investigate the viscoelastic

behavior of a hydrogel made of Y-shaped DNA nanostars over a wide range of frequencies

and temperatures. The results show a clear liquid-to-equilibrium-gel transition as the

temperature cycles up and down across the melting-temperature region for which the

Y-shape DNA bind to each other. This transition can be easily shifted in temperature

by changing the DNA-bond length between the Y-shapes. Employing also bulk rheology,
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we further demonstrate that by reducing the flexibility between the Y-shaped DNA

bonds we can go from a semi-flexible transient network to a more energy-driven hydrogel

with higher elasticity while keeping the microstructure the same. This level of control

in mechanical properties will facilitate the design of more sensitive molecular sensing

tools and controlled release systems.

In Chapter 4, I introduce a coarse-grained numerical model that represents a

generic DNA hydrogel consisting of Y-shaped building blocks. Each building block

comprises three dsDNA arms with ssDNA sticky ends, mimicked by chains of beads and

patchy particles, respectively, to allow for an accurate representation of both the basic

geometry of the building blocks and the interactions between complementary units. We

demonstrate that our coarse-grained model reproduces the correct melting-behaviour

between the complementary Y-shapes, and their assembly into a percolation network.

Structural analysis of this network reveals three-dimensional features consistent with

a uniform distribution of inter-building block dihedral angles. When applying an

oscillatory shear strain to the percolation system, we show that the system exhibits a

linear elastic response when fully connected. We finally discuss to what extend the

system’s elastic modulus may be controlled by simple changes to the building block

complementarity. Our model offers a computationally tractable approach to predict

the structural and mechanical properties of DNA hydrogels made of different types of

building blocks.

Chapter 5 gives a thorough insight of structural and angular properties of Y-

shaped DNA foldings by employing oxDNA simulation model. This work is done in

collaboration with Yair Augusto Gutierrez Fosado (University of Edinburgh, the U.K.)

and Dr. Oliver Henrich (University of Strathclyde, the U.K.). In particular, we played

with the structures of the individual building block by the inert bases, i.e. bases does

not hybridise in an individual assembly, in the middle twisting core and the flexible
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joint part. The data we acquired in this work can help further developing the hydrogel

model described in Chapter 4.

Finally, Chapter 6 concludes the thesis and presents an outlook for the future

work that have been emerged out of my experimental and numerical studies.
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Chapter 2

Assembly and characterisation of

dendrimer-like DNA complexes

Branched DNA complex structures can lead to the development of functional materials

with controlled release and programming self-assembling properties. In this chapter

I describe an exploratory study of a hierarchical structure of branched DNA com-

plexes self-assembled by three-armed DNA building blocks, which is also known as

‘dendrimer-like DNA’ or ‘DNA dendrimers’. Basic experimental methods that were

used to characterise the structures are introduced, e.g. UV-vis spectroscopy and gel

electrophoresis. In particular, the melting curves of three-armed building blocks in

various conditions were carefully examined via UV-vis spectroscopy, which provides a

deeper understanding of the thermodynamics of DNA hybridisation. The studies con-

ducted in this chapter lay the foundation of my following work of exploring functional

DNA hydrogels.
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2.1 Introduction

Emerging from the Holliday Junction (see Fig. 2.1), which was first proposed by Robin

Holliday in 1964 [166], branched DNA structures [167–170] with multiple dsDNA arms

emanating from a central point have generated great interest in the field of structural

DNA nanotechnology in the past decades. The opening-up of this field dates back to

1982 with a paper published by Nadrian Seeman [171], where he came up with the

idea of generating 2D arrays or 3D lattices of nucleic acids by using branched DNA

junctions adapted from the Holliday junction. Particularly, care needs to be taken into

account in the design of the modified sequences to fulfil prescribed design-conditions

for forming more n-armed DNA building-blocks and how they bind to each other.

Such design principles directly control the adherence and symmetry of the branches,

the ’rigidity’ of the central point of the DNA buildingblock, and the minimisation

of secondary structures. In addition, the bond between DNA-building blocks can be

achieved with great specificity, using either sticky-ended ligation techniques [171, 56]

or simply DNA hybridisation [63, 81]. Nowadays, those branched DNA junctions can

be easily tailored to construct targeting DNA architectures on larger scales other than

the initially proposed periodic arrays or networks.

Dendrimers are tree-like, branched macromolecules with highly repetitive and

symmetric geometrical properties, which can be synthesised in a stepwise fashion from

a central core [172, 173]. In 2004, Dan Luo’s group reported a dendritic structure

constructed through ligation of branched DNA molecules with three double-stranded

arms and a 4-base sticky end on each arm [165] (Fig. 2.2). In their paper two approaches

for synthesising three-armed DNA (which they call ‘Y-shaped DNA’) were described:

in the a) step-wise synthesis two partially complementary ssDNAs were hybridised

first, and then a third, partially complementary ssDNA oligomer was added; in the b)

all-in-one synthesis, all the three ssDNAs were mixed at once and hybridised together
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Fig. 2.1 (a) Schematics of a Holliday Junction originally proposed [166], and (b)
its identical representation. The black and white lines with half-arrows indicate the
backbones of a single nucleotide, where the arrows show the direction in which the 5’
to 3’ ends point towards. The image is adapted from [171]. © 1982 Elsevier.

by cooling their solution slowely to below the systems Tm. They also demonstrated

that there was no difference between these two approaches in terms of the yield of

Y-shaped DNA formation - which was close to 100%. The repetitive structures (called

‘generations’) were grown via a sticky-end-directed ligation process, so that the dendritic

structure was assembled and subsequently connected covalently. The yield of the target

structure was > 80% after four generations. These dendrimer-like DNA molecules could

be studied for multiplexed detection and drug delivery as they exhibit the capability

to carry and release multiple molecular cargoes simultaneously [174–176]. Unlike Dan

Luo’s study of using ligation techniques to assemble different generations, I designed the

dendrimer-like DNA complexes, whose subsequent generations were connected via DNA

hybridisation of the sticky ends (Fig. 2.3(a)). There are two main advantages of this

technique: i. driven by DNA thermodynamics, the structure is self-assembled without

adding extra chemicals (e.g. DNA ligase), which provides a more robust reaction

environment; ii. owing to the reversibility of hydrogen bonds between the sticky ends,
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Fig. 2.2 Schematics of the 2nd generation dendrimer-like DNA and its Y-shaped
building blocks. (a) A dendrimer-like DNA structure with the core and its first
generation. Coloured sequences indicate the sticky ends. (b) Zoom of the central Y-
shaped DNA assembled by three partially complimentary ssDNAs. (c) An illustration
of Y-shaped building-block formation. Images were redrawn from [165].

the resulting structure can dissociate and reassociate, which broadens the function of

these materials. In my study, the sequences of the building blocks and the sticky ends

were carefully designed to achieve a melting-temperature ladder between the different

generations in a cascade, resulting in a temperature-dependent hierarchical structure

(Fig. 2.3(b)-(c)). Here I used the all-in-one approach to construct the three-armed

DNA building blocks (see Fig. 2.3(b)). The melting curves of the building blocks

with and without sticky ends in various solution conditions were characterised using

UV-vis spectroscopy. The partial and full formations of three-armed DNA and the

dendrimers were tested by gel electrophoresis techniques. Finally, I measured the size

of the dendrimer-like DNA structure by performing dynamic light scattering (DLS)

measurements, demonstrating a growing-up cluster size along with the growth of the

generations of the molecule.
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Fig. 2.3 Schematics of dendrimer-like DNA and the three-armed building blocks in
my study. (a) A dendrimer-like DNA structure with three generations, namely F0,
F1 and F2. (b) An illustration of a Y-shaped DNA. Each ssDNA consists of three
functional pieces: a sticky end, segment I and segment II. The melting temperature of
the Y-shaped assembly is denoted as Tm1. (c) Illustration of the sticky ends connecting
consecutive generations, defined by their melting temperatures for the inner (Tm2) and
the outer terminals (Tm2).

2.2 Materials and Methods

2.2.1 Sequence design

Three typical melting temperatures were considered in the design of the dendrimer-like

DNA structure: Tm1, for the assembly of the three-armed DNA building blocks; Tm2, for

connecting individual three-armed DNAs into an overall structure; Tm3, for detecting

the external components that are attached with ssDNAs in the future (Fig. 2.3(b)-(c)).

The melting-temperature ladder means the values of them should meet the condition that

Tm1 > Tm2 > Tm3 at reasonable intervals. For example, at a the sodium concentration

of 50 mM, the melting transition of a dsDNA below 100 bps is roughly 5∼10 ◦C, so

I aimed at the interval of around 10∼15 ◦C to avoid a temperature-response overlap

between neighbouring assembling levels.
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All sequences were first randomly generated using online tools provided by spe-

cialised websites1, and then selected following the flow chart shown in Fig. 2.4. This

involves the melting temperatures, secondary structures and self-dimers that can be

analysed via OligoAnalyzer 3.12. Detailed explanations of theoretical or empirical rules

for designing DNA sequences can be found in Ref. [167, 168, 177].

Table 2.1 lists the final sequences designed for constructing the dendrimer-like DNA

complexes. The F0, F1 and F2 form the three-armed DNA nanostar in the core, and

the consecutive 1st and 2nd generation respectively (see Fig. 2.3(a)); the subscripts a, b

and c denote the single strands that assemble into the individual three-armed Y-shapes.

Complementary oligo strands in one Y-shaped DNA are marked in the same colour

(red, blue or black); the length of each double-stranded arm is 15 bp, which is much

shorter than the persistence length of dsDNA (i.e. 150 bp), so they appear rigid. The

sticky ends for linking the building blocks within a denderimer are 12 bp long, with the

calculated melting temperature Tm2 = 45∼50 ◦C; however, the sequences are distinct

so that only F0-F1 and F1-F2 linkages are possible. The melting temperature of the

external sticky ends, Tm3 is about 30∼35 ◦C and has a length of 10 bp. All strands are

also designed to avoid any conflicting binding with each other. It should be noted that

the melting temperature values given here were estimated for the solution condition

that [NaCl] = 50 mM and [DNA] = 0.25 µM; they can deviate when the ionic strength

and DNA concentration are changed.

The melting temperature of the three-armed assemblies (Tm1) cannot be simply

calculated in the same way as dsDNA, as the topological structures and sticky-end

overhangs can play a role in it. Therefore the melting properties of such formations

need to be examined experimentally, which shall be described in a later section.

1e.g. http://www.faculty.ucr.edu/~mmaduro/random.htm
2One possible online tool is available at http://www.idtdna.com/calc/analyzer.
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Set the melting-temperature ladder
Tm1, Tm2 and Tm3

Randomly generate the 
sequences aiming at Tm1

Whether  has roughly 
50% GC content in 

the sequence?

Test whether there are 
secondary structures or self-

dimers at high possibility?

Sequence containing 
more than two 
consecutive G?

Yes No

No Yes

No

Yes

Order the sequences and measure 
the melting temperature 

experimentally  Tm1
exp

Are you satisfied with the melting 
curve measured?

Go on to select sequences 
aiming at Tm2

Yes

No

Fig. 2.4 Flow chat of designing the main-body of the Y-shaped DNA.
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Table 2.1 Oligonucleotides sequences for forming dendrimer-like DNA complexes

Label Sticky ends Rigid part
Segment I Segment II

F0

F0a

5’-TGTCACTCACAG
TGGATCCGCATGATC CATTCGCCGTAAGTA -3’

F0b TACTTACGGCGAATG ACACCGAATCAGCCT-3’
F0c AGGCTGATTCGGTGT GATCATGCGGATCCA-3’

F1

F1a 5’-CTGTGAGTGACA TGGATCCGCATGATC CATTCGCCGTAAGTA-3’
F1b 5’-GTATGACGACCA TACTTACGGCGAATG ACACCGAATCAGCCT-3’
F1c AGGCTGATTCGGTGT GATCATGCGGATCCA-3’

F2

F2a 5’-TGGTCGTCATAC TGGATCCGCATGATC CATTCGCCGTAAGTA -3’
F2b 5’-ATTGGATTGG TACTTACGGCGAATG ACACCGAATCAGCCT-3’
F2c AGGCTGATTCGGTGT GATCATGCGGATCCA-3’

2.2.2 Synthesis of dendrimber-like DNA

Oligonucleotides were purchased from Integrated DNA Technologies, Inc. in a dry

state and used without further purification. The dry material was suspended in 1

× TE buffer (10 mM Tris, pH = 8.0, 1 mM EDTA) creating DNA stock solutions

with a concentration of around 20 µM. These were then stored in a freezer at −20 ◦C

until further use. The DNA concentration in the stock solutions was re-measured

using a NanoDrop™ 2000 Spectrophotometers (Thermo Fisher Scientific Inc) before

use. Technical details of the DNA quantification can be found in Ref. [178].

To assemble the three-armed building blocks, three corresponding non-purified

solutions of corresponding single DNA strands were mixed to a final concentration of

5 µM, where each strand solution in 1 × TE buffer was supplemented with 150 mM

NaCl to assist the DNA hybridisation process. The reactions are shown in Eq. 2.1.

F0a + F0b + F0c 
 F0

F1a + F1b + F1c 
 F1

F2a + F2b + F2c 
 F2

(2.1)
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The oligo mixtures were then annealed in a PCR thermo-cycler (Mastercycler™ per-

sonal) following a temperature-ramp protocol described in the text below. The mixtures

containing the three partially complementary ssDNAs were first denatured at 94 ◦C

for 5 minutes, and incubated at 80 ◦C for 2 minutes. After a fast cooling to 72 ◦C,

the temperature was then further decrease at a rate of −1 ◦C/s until it reached 42 ◦C.

Then it was reheated rapidly to 72 ◦C, followed by a repeated slow-cooling process.

After 5 repetitions, the samples were cooled down to 20 ◦C and retained there for

10 minutes. Finally the samples were incubated at 4 ◦C for storage.

Likewise, dendrimer-like DNA complexes were assembled by the corresponding

three-armed building blocks at an equal-number ratio to maximize the yield. Reactions

of the assembly are described by Eq. 2.2 below,

F0 + 3F1 
 G1

F0 + 3F1 + 6F2 
 G2

(2.2)

where G1 and G2 denote the 1st and 2nd generations of the denderimer respectively.

To avoid denaturing the pre-formed building blocks, the mixtures were first incu-

bated at 53 ◦C for 10 minutes. Then the solutions were slowly cooled down to 33 ◦C

at the rate of −1 ◦C/s with 30 s incubation per degree. The resulting solutions were

finally stored at 4 ◦C for later use.

2.2.3 Characterisations: UV-vis spectroscopy, gel electrophore-

sis, and DLS measurements

UV-vis spectroscopy

The DNA melting curves were characterised using a Cary 300 UV-vis Spectrophotometer

(from Agilent Technologies) equipped with a temperature-controlling Peltier element.
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A quartz cuvette with a path length of 1 cm was used to load the sample solution. The

cuvette was inserted into the cell holder of the instrument. Meanwhile, a blank cuvette

with the background solvent of the DNA sample was also used in oder to subtract the

background absorption during the measurement. The 260 nm absorbance of the DNA

sample was measured as a function of temperature, reflecting the so-called melting

curves. The results are shown in section 2.3.

To prepare the sample for the melting curve measurement, one should first estimate

the final concentration of the measuring sample. Assuming that all ssDNAs are equal-

molar in the solution, the estimated concentration value per strand can be calculated

by Eq. 2.3,

[DNA] =
A∑
ϵi · l

, (2.3)

where A is the absorbance, ϵi is the molar extinction coefficient for ssDNA i at the

wavelength of 260 nm, and l = 1 cm is the path length through the cuvette. The value

of absorbance normaly ranges from 0 to 1, and was empirically selected here as 0.8.

For fundamental information on light absorbance see Ref. [179].

Gel electrophoresis

The formation of DNA complexes were characterised by employing the gel electrophore-

sis technique [180]. This technique is widely used for separating and analysing charged

DNA, RNA and proteins by detecting the migration distance of those samples driven

in an applied electric field. The migration happens in an agarose or polyacrymide

gel, with a tunable pore-size that was controlled by the polymer concentration. The

migration distance gives information about the sample such as molecular weight, since

the frictional resistance increases as the molecule gets larger.

As mentioned before, the gel electrophoresis measurement can be applied either

in an agarose gel or a polyacrylamide gel. The main differences between these two
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are the way of making the gels (as the former is a physical gel while the latter is a

chemical one) and the pore-size range of the resulting gels (agarose normally has a

larger pore-size that the polyacrylamide one). In my experiments, measurements using

both gels have been performed for different sizes of my samples.

Agarose gel electrophoresis was conducted in a horizontal setup as shown in Fig. 2.5.

The gel was placed in an box filled with running buffer, which provides the conductive

and migrating environment. A parallel electric field was applied to the box from

top to bottom, while the migration direction of the DNA sample is the other way

around due to the negative charges along the phosphate-sugar backbones. A comb

was inserted before the formation of the gel matrix to shape the loading wells of the

sample. The whole apparatus was incubated in an ice bath to enhance the measurement

performance.

Fig. 2.5 An agarose gel electrophoresis setup.

To make an agarose gel, a given amount (depending on the required pore size) of

powered agarose (purchased from Sigma-Aldrich®) was added to 0.5 × TBE buffer

(44.5 mM Tris-borate and 1 mM EDTA, pH = 8.3, purchased from Sigma-Aldrich®),

and then put into a heating and cooling procedure as shown in Fig. 2.6. In my

experiments, the optimum gel concentration was 1.8 ∼ 2 w/v%. The electrophoresis
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was normally conducted at an applied voltage ranging between 60 V and 100 V for

about 2 h, depending on the sample properties and the expecting resolution.

Fig. 2.6 Flow chart of making an agarose gel. RT stands for Room Temperature.

Polyacrylamide gel electrophoresis (PAGE) was performed in a vertical setup shown

in Fig. 2.7(a) (Mini-PROTEAN ® Tetra Cell, Bio-Rad Laboratories, Inc.). The

working principle of this apparatus is the same as that of an agarose setup, except that

the electric field is applied vertically (see Fig. 2.7(b)). A 10 w/v% polyacrylamide gel

supplemented with 11 mM MgCl2 (purchased from Sigma-Aldrich®) was made by the

polymerisation of acrylamide (purchased from Sigma-Aldrich®) following the protocol

in Appendix A. After loading the sample, an electric field of 100 V was applied for

60 ∼ 85 minutes at RT.

migration direction 

(a) (b)

Fig. 2.7 Illustration of a PAGE setup. (a) Snapshot of the apparatus. The image was
taken from [181]. (b) Schematic working principle. The image was taken from [182].
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After running the electrophoresis, both agarose and polyacrylamide gels were stained

by a nucleic acid gel stain (GelRed®, produced by Biotium) for about 20 minutes,

and visualised under a UV illuminator (GelDoc-It®, produced by UVP, LLC).

Dynamic light scattering (DLS) measurements

The dynamic light scatting (DLS) technique [183, 184] integrated into a Zetasizer

Nano ZS (Malvern Panalytical Ltd.) was used to measure the size distribution of

the DNA complexes. It is a spectroscopy method based on analysing the scattering

pattern of a suspended sample (colloids, macromolecules, droplets, etc.) emanating

from incident, monochromatic laser light. The scattered light is measured via a fast

photon detector at a fixed scattering angle θ with respect to the incident laser light.

The time-fluctuating intensity of the scattered light Is(q, t) is then correlated and

outputted as an intensity-autocorrelation function g2 written as:

g2(q, τ) =
⟨Is(q, t)Is(q, t+ τ)⟩

⟨|Is(q, t)|2⟩
, (2.4)

where

q =
4πn0

λ
sin(

θ

2
) (2.5)

is the wave factor, with λ being the incident laser wavelength and n0 the refractive

index of the solvent. τ in Eq. 2.4 stands for the time lag. As one should expect, g2

shows a decay in time, and it is actually the part that holds the information about the

diffusivity of the suspended particles [183].

In sufficiently dilute samples, in which only single scattering event take place, the

decay of g2 can be fitted with an exponential function:

g2(q, τ) = 1 + exp(−q2Dτ). (2.6)
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Here D is the diffusion coefficient of the scattering object. It can be related to the

particle size by applying Stokes-Einstein equation shown below

D =
kBT

6πηR
, (2.7)

where kB is Boltzmann constant, T is the temperature in Kelvin, η is the viscosity

of the solvent and R is the radius of the spherical scattering particles. Note that the

measured radius is often referred to as the hydrodynamic radius Rh (subscript h stands

for ‘hydrodynamic’), which may appear a little larger than the ‘dry’ size of the particles

because it drags a fluid layer around itself.

2.3 Results and discussions

2.3.1 Ionic effect on DNA melting/hybridisation

As briefly mentioned before, the phosphate-sugar backbone of DNA is negatively

charged, which provides electrostatic repulsion between ss- or ds-DNAs, and may prevent

complementary ssDNAs from hybridisation. Therefore additional salt (normally NaCl,

but in some extreme cases MgCl2, e.g. DNA origami) is used to screen the negative

charges on the backbones, which would eventually facilitate the DNA hybridisation

process.

To start with, I tested the salt effect on the hybridisation of a linear duplex system

that had been used in our lab by adding an increasing concentration of NaCl in the

sample solutions; results are shown in Fig. 2.8. The ssDNAs used here are called Ashort

and Cactive, with the sequences as follows: Ashort:5’-TTTTT GAGGAGGAAA GAGA-

GAAAGA AGGAGAGGAG AAGGGAGAAA AGAGAGAGGG AAAGAGGGAA

TTTTT CCGGCC-3’; Cactive: 5’-TTCCCTCTTT CCCTCTCTCT TTTCTCCCTT
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2.3 Results and discussions

Fig. 2.8 Experimentally acquired melting curves of duplex DNA hybridised by ssDNA
named Ashort and Cactive. In all cases we use TE buffer. From top to bottom, the NaCl
concentrations used were 50 mM, 100 mM and 200 mM.

CTCCTCTCCT TCTTTCTCTC TTTCCTCCTC-3’. The sequences coloured in

emerald are complementary to each other (60 bps). The measurements were conducted

in the UV-vis spectroscopy (Section 2.2) between 30 and 85 ◦C with a heating ramp,
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held there for 20 minutes and then cooled down again. The temperature was changed

at 0.5 ◦C/minute, and the data were collected in 1 ◦C steps.

From Fig. 2.8 we see a clear shift towards high melting temperatures as the NaCl

concentration increases (from ∼ 60 ◦C → ∼ 67 ◦C → ∼ 75 ◦C). Besides, the

melting transition is sharpened and narrowed down from roughly 10 ◦C to within 5 ◦C.

However, for an individual melting curve, we observed a small gap in the melting

transition between cooling and heating processes, indicating a non-equilibrium state

of the sample. This gap is shown to decrease when the cooling/heating speed further

slows down. Also, the hysteresis phenomenon is less serious for high-salt-concentration

sample, which suggest the relaxation time of equilibrium process may relate to the

ionic strength.

Accordingly, we tested the NaCl effect on three-armed DNA structures. Results of

melting curves are shown in Fig. 2.9, which shows the same trend as the duplex DNA

system. This further enhances the discussions above. The DNA sequences used in this

model are:

1. 5’- TGT CAC TCA CAG TGG ATC CGC ATG ATC CAT TCG CCG TAA

GTA - 3’;

2. 5’- TGT CAC TCA CAG TAC TTA CGG CGA ATG ACA CCG AAT CAG

CCT - 3’;

3. 5’- TGT CAC TCA CAG AGG CTG ATT CGG TGT GAT CAT GCG GAT

CCA - 3’,

with colour-matched sequences complementary to each other, except for the black sticky

ends that are inert. Here the heating/cooling rate was decreased to 0.2 ◦C/minute;

therefore little hysteresis is seen as expected. Additional contributions to possible
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hysteresis can be base-errors in the sequences and a mismatch in the number densities

in the individual sequences.
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[NaCl]=0 mM
[NaCl]=50 mM
[NaCl]=100 mM
[NaCl]=150 mM

Heating ramp

Cooling ramp

Fig. 2.9 Rescaled absorbance profiles for a sample with Y-shaped architecture. In all
cases we used a TE buffer, and added NaCl at various concentrations.

2.3.2 Inert tails effect on DNA melting/hybridisation

In this section I shall present the results of a three-armed DNA structure (Ra-DNA)

without inert tails, i.e. all the base pairs are fully bonded. Sequences of Ra-DNA

are the same as those of the Y-shaped structure listed in the previous section, but

without the black-coloured sticky ends. Melting-curve results and analysis are shown in

Fig. 2.10. Four ramps were taken at a rate of 0.2 ◦C/minute to check the reproducibility

of the measurements as well as the hysteresis.

Fig. 2.10 (b) presents a way of measuring the melting temperature, which is called

the ‘baseline method’. Here two linear lines y1(x) and y2(x) are fitted to the high- and

low-temperature plateaus, where x stands for the temperature. Then an intermediate

linear line y3(x) is drawn, whose slope and intercept are averaged from those of y1(x)
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Fig. 2.10 (a) Absorbance profiles for Ra-DNA. In this case I used TE buffer comple-
mented with 150 mM NaCl. (b) An illustration of the baseline method for analysing
Tm.
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and y2(x). The crossover between y3 and the measured melting curve is the Tm. In the

presented example, the melting temperature Tm is 65 ◦C.

From Fig. 2.10, we observe that: (i) the melting temperature of Ra-DNA is about

7 ◦C higher than that of its variation with inert sticky ends (Section 2.3.1) at the same

ionic conditions, and (ii) the melting transition is also narrower; (iii) the high- and

low-temperature slopes are also flatter. In addition, the perfect symmetric shape of

the melting curves demonstrated the success of the three-armed formation. This is

confirmed by gel electrophoresis results in Appendix A. In conclusion, Ra-DNA has been

demonstrated to be a robust three-armed structure whose Tm satisfies our requirement

for Tm1, thus the building-block sequences of dendrimer-like DNA structures are

modified based on it.

2.3.3 Characterisations of three-armed DNA building blocks

The melting curves of the designed three-armed DNA building blocks F0, F1 and F2 are

presented in Fig. 2.11. The sequences have been given in Section 2.2.1. Measurements

were taken in 150 mM NaCl concentration as the temperature went up from 35 to

85 ◦C at 0.2 ◦C/minute. We can calculate the melting temperatures of building

block structures from each generation using the baseline method, and get them to be

approximately 62 ◦C each. Not surprisingly, they are slightly lower than the Tm of the

pure branched structure without sticky ends.

The PAGE result evaluating the effectiveness of these building-block formation

is shown in Fig. 2.12. Samples loaded in lane 1-4 are as follows: F0, F0a + F0b, F0b

+ F0c, and F0a + F0c, with all the ssDNAs mixed at equal amounts. The successful

hybridisation between the complementary segments of F0a, F0b and F0c is demonstrated

by the positions of DNA bands, and the satisfactory yield of the building block formation

is supported by the sharpness and strength of the dark bands in the gel.
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Fig. 2.11 Melting curves of three-armed DNA structures F0, F1 and F2. The star-
symbols represent the extracted melting temperatures.
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Fig. 2.12 PAGE results of partial and full formations of F0-DNA. The DNA ladder
(50 bp DNA ladder, purchased from New England BioLab ®) was used as reference to
mark DNA migration distances as function of their molecular weight.

2.3.4 Characterisations of dendrimer-like DNA complexes

Agarose-gel electrophoresis results shown in Fig. 2.13 demonstrate the formation of the

dendrimer structure. Tab. 2.2 shows the samples loaded in each lane with the relative

amount of the components per well, and schematics of the corresponding structures

are shown in Fig. 2.13(a). In Fig. 2.13(b)-(c), Lane 1-3 show sharp single bands at the

same migrating distance, confirming the formation of building blocks and their high

yield. Each lane in number 4 to 6 exhibits a main band at a shorter migrating distance,

and a secondary band at the equivalent position as that in lane 1-3. The main band

indicates the product we loaded, while the secondary band can be either the excess of

the three-armed formation or the broken-down building blocks during migration.
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Table 2.2 Samples loaded into each lane in Fig. 2.13.

Lane 1 Lane 2 Lane 3 Lane 4 Lane 5 Lane 6
F0 F1 F2 F1 + 2F2 F0 + 3F1 F0 + 3F1 + 6F2

(b)

(a) (c)

Fig. 2.13 (a) Schematic of products loaded in an agarose gel as specified in Tab. 2.2.
(b)-(c) Agarose gel electrophoresis results evaluating the formation of dendrimer-like
DNA complexes (b) with 11 mM MgCl2 and (c) without additional MgCl2, in 2 % gel.
Lower molecular weight DNA Ladder and 50 bp DNA Ladder (both purchased from
New England BioLab ®) were used as reference for the positions of the DNA bands.

We also conducted DLS measurement to characterise the size of dendrimer-like

DNA complexes and got the averaged diameter of the core, 1st and 2nd are 3.7 nm,

22.6 nm and 30.1 nm correspondingly, which fits our expectation.

2.4 Conclusions

In this chapter, I have reported an approach to assemble dendrimer-like DNA complexes

purely based on DNA hybridisation, and demonstrated the success of their formations
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up to three generations. The structures synthesised here were assembled by three-armed

DNA, but the building blocks are not limited to only three arms (e.g. 4-, 5- and n-

arms). Neither should the structures be limited to just three generations. But for

growing larger dendrimer structures, purification processes might be introduced to

avoid the fragmented structures of the dendrimer in between. Also, the linkage between

neighbouring generations may need to be strengthened to minimize the chance of

dendrimers breaking down into the fragments. Advantages of these structures are the

highly precise recognition and thermally reversible property due to the DNA sequences,

and the multiple carriage capability owing to the dendrimer terminals, which could

enable the future design of functional materials with high sensitivity, specificity and

capacity.

The characterisation tools used here are widely applied in the topic of DNA

nanotechnology, and will be further employed in my other experimental work presented

in the next chapters in this thesis.
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Chapter 3

Microrheology of DNA hydrogels

A key objective in DNA-based material science is understanding and precisely controlling

the mechanical properties of DNA hydrogels. Employing diffusing-wave spectroscopy

(DWS) microrheology to investigate the mechanical properties of DNA hydrogels at the

micro-length scale, we map the viscoelastic response over a broad range of frequencies

and temperatures. Results show a clear liquid-to-equilibrium-gel transition as the

temperature cycles up and down across the melting-temperature region for which the

Y-shaped DNA nanostars bind to each other. Our measurements reveal a crossover

between the elastic G′(ω) and viscous G′′(ω) around the melting temperature Tm of

the DNA building blocks, which coincides with the systems percolating transition.

This transition can be easily shifted in temperature by changing the DNA-bond length

between the Y-shapes. Employing also bulk rheology, we further demonstrate that

by reducing the flexibility between the Y-shaped DNA bonds we can go from a semi-

flexible transient network to a more energy-driven hydrogel with higher elasticity while

keeping the microstructure the same. This level of control in mechanical properties will

facilitate the design of more sensitive molecular sensing tools and controlled release

systems.
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3.1 Introduction

DNA hydrogels are a type of tenuous, semi-flexible polymeric network that consists of

precisely designed synthetic nucleotide strands as chemical or physical cross-linkers [56,

68, 185, 20, 63]. These man-made bulk DNA hydrogels have been widely studied as

functional materials that can be potentially used for controlled drug delivery, tissue

engineering, biosensing and other applications in the fields of nanotechnology and

bioengineering mainly becasue of their bio-compatibility and the ability to mix them

with other (bio)polymers [186–190]. In particular, the vast combinations of the Watson-

Crick pairing provide a unique way to achieve programmable self-assembly of thermally

reversible gels with precise functionality [84, 191]. Current studies mostly focus on

the fabrication and utilisation of DNA hydrogels, while the fundamental physics of

these gels still lacks good understanding [63, 192, 188]. In recent years, a series of

computational and experimental studies were carried out on the phase diagram of DNA

hydrogels made of 2-, 3- and n-valent nano-stars and their mixtures, which provides a

good reference for creating volume-spanning, percolating gels [84, 81, 72, 193, 89, 194].

The study of transient networks has been at the heart of many theoretical [195–197]

and experimental studies [198, 199] for their display of complex phase diagrams and

dynamics [200]. Different to chemically crosslinked networks such as rubbers, the

crosslinks in transient networks can be mediated by the short sticky ends of telechelic

polymers [201], telechelic dendrimers [202], triblock-copolymers [203] or charged end-

groups [204], which have a finite life time, thus rendering these networks yield-stress

fluids. Other transient but active networks are formed by the semiflexible actin

filaments crosslinked via proteins are of great importance for giving shape to cells and

their locomotion [205]. Vitrimers, in which the bonds or crosslinks can be exchanged

through a catalytic process, are another class of transient networks with self-healing

properties relevant in biological tissue engineering [206–208]. With their small building
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10 mm

Gel, w/o spacers Gel, w/ spacers Solution 
(single component)

Fig. 3.1 From left to right: DNA hydrogels without free joint, with free joint and
only one component. All three samples are made of Y-shaped DNA at 500 µM. The
sample maintains its original shape at the time scale of several minutes.

blocks, DNA nano-stars present very similar water-based networks, however, with much

greater versatility. Recent rheological studies [209, 210, 185] in the low frequency range

showed that the specific structure and connectivity of the DNA-nanostars has a strong

influence on their macroscopic mechanical response. However, a detailed understanding

of the relation between a repeat-unit and the overall macroscopic response and the

related relaxation processes is not yet fully understood. Here we present micro-rheology

studies that shed light on these aspects, which aim to be of great importance in the

design of new functional materials [68].

Diffusing-wave spectroscopy (DWS), a technique that measures the dynamics of

strongly scattering samples [105, 106] is an established technique to perform mi-

crorheological studies of complex fluids at much shorter time and length scales than

conventional bulk-rheology can achieve [107–110]. Here we present DWS microrheology
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studies of DNA hydrogels, probing the rheological properties in a dramatically larger

frequency range than the few studies done so far using bulk rheology, where only the

effect of built-in flexibility in the joints was measured at the long-time response of

the gel [209, 211]. Typical short-time relaxations inherent to the fast making and

breaking times of the transient DNA-gel in the melt-transition region can not be

accessed in bulk rheology. We elucidate the relation between the system’s characteristic

binding-unbinding processes and the local and global mechanical properties of the

gel over a temperature range that covers the full melting region between the DNA

nanostars.

In this chapter, we first introduce the design principle of the Y-DNA building

blocks that form the hydrogel and their characterization. Secondly, we present DWS

measurements of our Y-DNA system in a concentration range showing a continuous

transition from a fluid to equilibrium-gel phase, presenting G′(ω) and G′′(ω) over

a broad range of frequencies and temperatures. We choose this system because it

represents an efficient model to investigate the general physics of an n-valent DNA

hydrogel with varied rigidities, percolation behaviour and valency. These results will

provide strong guidance to future design of more complicated DNA hydrogel frameworks

with controlled mechanical properties.

3.2 Materials and methods

3.2.1 DNA-design

The DNA hydrogels used in this study are composed of Y-shaped DNA building blocks

made of three partially complementary oligonucleotides (analogous to those described

in Chapter 2), here denoted Si (Fig. 3.2 and Table 3.1). These single-stranded S-oligos

are 41 bases long and consist of four functional parts: a sticky end (9 bases), a free
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joint of 4 Thymines providing flexibility, and two segments (I & II) that form the

core of the Y-shape. Segments I and II of say ssDNA S1 are designed to be partially

complementary to the respective segments of S2 and S3, thus making up the three

dsDNA arms at the centre of the Y-shape. Note that the centre is created to be fully

binding, leaving no non-binding bases at the center thus reducing its flexibility. The

respective binding sequences of the three dsDNA arms are given in Table. 3.1 while

the full sequences of the S-oligos are given in the Table 3.3. The sticky ends can

specifically bind to their complementary sequence due to Watson-Crick pairing. In

all following gels we use the same Y-shape cores carrying either sticky ends named

T or the complementary T’ DNA, such that Y-shapes with T-ends can only bind to

those with T’-ends. We keep the T to T’ DNA ratio 1:1, thus maximizing the system’s

connectivity.

 
(a) sticky ends segment IIsegment I

  -DNAT

T'-DNA

free joint
(b)

Fig. 3.2 Design and characterization of the DNA hydrogel building blocks. (a)
Schematic of the ssDNA Si used. Each oligo strand consists of four functional parts:
the sticky end, free joint, segment I and segment II. Segment I & II are part of the
double stranded core-DNA; sticky ends are for cross-linking the Y-shapes to a network.
(b) Cartoon of T and T’ DNA connected via hybridisation of complementary sticky
ends.
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Table 3.1 The sequences of dsDNA arms

Name Segment I Segment II
S1 5’-TGG ATC CGC ATG ATC CAT TCG CCG TAA GTA-3’
S2 5’-TAC TTA CGG CGA ATG ACA CCG AAT CAG CCT-3’
S3 5’-AGG CTG ATT CGG TGT GAT CAT GCG GAT CCA-3’

3.2.2 Oligonucleotides synthesis and Y-shaped DNA hybridis-

ation

Oligonucleotides were synthesized using the DNA synthesizer (BioAutomation MerMade-

12, BioAutomation) followed by a HPLC purification process. They were stored in TE

buffer (10 mM Tris, pH = 8.0, 1 mM EDTA, and 0 mM NaCl) at 4 ◦C. Equimolar

quantities of the three corresponding strands were mixed in TE buffer solution with

200 mM NaCl to assist the DNA hybridisation process. A total volume of 100 µl DNA

mixtures were filled in 0.2 ml PCR tubes. All mixtures were first denatured at 94 ◦C

for 10 minutes, then slowly cooled down to 20 ◦C at a rate of -1 ◦C s−1. Finally, we

held it at 4 ◦C. The temperature control process was carried out using a PCR machine.

3.2.3 Oligonucleotides for bulk-rheology

For bulk-rheology and photographic realizations of the gels we used the same DNA

sequences as those for the 9 sticky base pairs but with 7 and 12 bp overhangs, as

well as the equivalents without the flexible T-spacers. All these oligonucleotides were

purchased from were purchased from Integrated DNA Technologies.

3.2.4 UV-vis spectroscopy characterisation

The melting temperature of Y-shaped building blocks was pictured by measuring the

260 nm-peak absorbance of DNA mixture solution using UV-vis spectroscopy equipped

with a temperature controlling system.
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3.2.5 DNA hydrogels preparation

DNA hydrogels were hybridized by mixing equimolar quantities of T -DNA and T’ -

DNA in TE buffer with a NaCl concentration of 200 mM. The melting temperature of

the sticky ends, Tm = 37 ◦C, was estimated using the nearest-neighbour model. The

temperature was brought up to 45 ◦C for 20 minutes to break apart the sticky ends

and retain the Y-shaped structure at the same time. Subsequently, the sample was

cooled down slowly at a cooling speed of 0.02 ◦C/s to 10 ◦C. Then, the sample was

kept at 4 ◦C until reused in the next measurement. The total volume of the sample

was 200 ∼ 500 µl depending on the path length of the performing cuvette.

3.2.6 Tracer particles

We used 600 nm and 230 nm (in radius) polystyrene particles as tracer particles. The

particles are densely coated with PEG chains for stablization. The synthesize and

coating protocol is described by M. Zupkauskas et al [36].

3.2.7 Sample loading

We added 1 % tracer particles into the T -DNA and T’ -DNA solutions respectively,

and then mixed them up thoroughly. The final sample was loaded into a transparent

cuvette holder (optical path length = 1 mm) for future use in DWS measurements.

3.2.8 Diffusing-wave spectroscopy measurements

Diffusing-wave spectroscopy measurements were performed on a commercial DWS

instrument (DWS RheoLab, LS Instruments AG) in transmission mode. A 10 mm wide

an 1 mm thick cuvette was used as sample cell and the temperature could be controlled

within ± 0.2 ◦C. Calibration was performed on deionized water with the 1 % w/v of
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the same tracer particles and the same cuvette to acquire the standard transport mean

free path l∗ in this setting. The scattering measurement was performed by the machine,

outputting an intensity correlation function to a PC for further analysis of the data.

3.2.9 Bulk rheology

Bulk-rheology measurements were performed using a stress-controlled rheometer (An-

ton Paar MCR 500) with true-gap technology in the cone-plate geometry. In all

measurements we used a cone with 25 mm diameter, inclination of 1 ◦C, and core-plate

gap at 50 µm. We performed the oscillatory frequency sweep measurements with

angular frequencies ω = 1-100 rad/s under a fixed strain amplitude of 1%, at 10 ◦C and

20 ◦C respectively. The temperature control was achieved by a Peltier system equipped

on the bottom plate. A custom-made cover was used to minimize evaporation during

the measurements.

3.3 Results and discussions

3.3.1 Characterisation of Y-shaped DNA

Melting profiles measured for dilute samples

The melting temperature profiles of the Y-shapes carrying either T or T’ sticky ends

(Fig. 3.3) were determined by measuring the absorbance of 260 nm in 1 µM DNA in Tris-

EDTA buffer solution at pH = 8.0 containing 150 mM NaCl, as ssDNA adsorbs 260 nm

stronger than dsDNA. Starting at 90 ◦C we observe a plateau in the absorbance until

roughly 65 ◦C, marking the point at which hybridisation (binding) sets in. Until this

temperature the individual ssDNAs are all in the unbound state. Upon further cooling

the absorption decreases continuously until the low temperature plateau is reached at

which all single strands have hybridized into Y-shapes. The melt temperature (denoted
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Tm) is defined as the point at which half of all possible base pairs are dissociated.

Tm1 was obtained from the median between the linear curves fitting the low- and

high-temperature plateaus and found to be Tm ≈ 58 ◦C for both Y-shapes with T or

T’ overhangs, for the concentrations used in the melt temperature measurements. As

shown previously [23], non-binding ssDNA tails slightly lowered the value of Tm with

respect to the value based on tabulated data by Santalucia, which is, averaged over all

three arms, Tm1 ≥ 60 ◦C [24].
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Fig. 3.3 Melting (cooling) and heating (hybridisation) curves of T and T’ DNA in
Tris-EDTA buffer containing 150 mM NaCl, measured using by UV-vis spectroscopy.
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Estimate of Tm1 at the gel condition

The melting temperature of dsDNA is estimated by computing the hybridization

free energy, ∆G0, of the complementary sequences, which can be predicted using the

unified nearest-neighbor (NN) thermodynamics model1 [24]. In the NN model, ∆G0 is

computed by summing up the standard free-energy contributions of all neighbouring

bases in a DNA sequence, respecting the orientation of the two complementary ssDNA

running antiparrallel, plus an initiation energy and the energy contributions coming

from the ‘dangling ends’; the salt concentration is also taken into account. The

enthalpy, ∆H0, and entropy, ∆S0, of the strands can be calculated via tabulated values

accordingly, and they relate to the Gibbs free energy using Eq. 3.1:

∆G0 = ∆H0 − T∆S0. (3.1)

The melting temperature, Tm, at which half of the double-helical strands are melted,

can then be predicted using Eq. 3.2 [24]:

Tm =
∆H0

∆S0 +R ln(ρ/2)
, (3.2)

where R = 1.978 cal/Kmol is the gas constant, and ρ = ρAA′ = ρA = ρA′ is the

concentration of the dsDNA, when all ssDNAs are hybridized. An empirical salt

concentration effect is also included as a compensation in ∆G0.

However, the Tm of our structure is influenced by further factors: (i) Since three

arms are joined together in our Y-shapes, they should not be treated as independent

double helices; (ii) di Michele et al. [23] have shown that inert tails on dsDNA (here

the sticky overhangs) cause a decrease in melting temperature by about 3 ◦C to

7 ◦C, depending on the length of these inert tail; (iii) The solvent conditions will
1Details see Section 1.1.2.
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also influence Tm. In this study we used TE buffer (10 mM Tris, 1 mM EDTA,

adjusted to pH 8.0 with HCl) to stabilise the DNA. For instance, the Tm of a given

complementary pair AA’ in TE buffer is different to that in de-ionized water. The

analytical approach to comprise all these effects in Eq. 3.2 is unavailable, but we can

combine the experimental measurements and the NN model routine to estimate the

melting curves for experimental conditions that do not allow a direct measurement of

Tm.

Table 3.2 The sequences of dsDNA arms and the predicted Tm

Name Sequences
Predicted Tm Predicted Tm

(@[NaCl]=150 mM, (@[NaCl]=200 mM,
[DNA]=1 µM [DNA]=500 µM)

Arm 1 5’- TGG ATC CGC ATG ATC - 3’ 55.27 ◦C 68.91 ◦C3’- ACC TAG GCG TAC TAG -5’

Arm 2 5’ - TAC TTA CGG CGA ATG - 3’ 52.47 ◦C 65.69 ◦C3’ - ATG AAT GCC GCT TAC - 5’

Arm 3 5’- AGG CTG ATT CGG TGT - 3’ 57.34 ◦C 71.31 ◦C3’ - TCC GAC TAA GCC ACA - 5’

Table 3.2 lists the calculated melting temperatures of three arms for an added

NaCl concentration of 150 mM and a total ssDNA concentration of 1 µM based on

the NN model. We took the average melting temperatures of these arms as the

melting temperature of the Y-shaped body as the starting point, i.e. T Y−shape
m =

1
3
(T arm1

m + T arm2
m + T arm3

m ) ≈ 55.02 ◦C. This is comparable to the experimentally

measured melting temperatures for T-DNA and T’-DNA described in the main text,

which indicates that the three factors mentioned above can compensate each other in

our case. Similarly, we estimated the averaged melting temperature of the Y-shaped

body at the working condition ([NaCl]=200 mM, [ssDNA]=500 µM, in TE buffer)

being 68.64 ◦C.
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PAGE characterisation

To check the hybridization effectiveness of the Y-shaped DNA, we performed poly-

acrylamide gel electrophoresis (PAGE) with a 10 % gel. The preparation of the gel is

introduced in Appx. A. The loading sample contains 50 ∼ 250 ng DNA strands in total

and 1× gel loading dye (Purple, New England BioLabs ®) per lane. DNA ladders

were loaded into lane 5 (Low Molecular Weight DNA Ladder, New England BioLab

®) and lane 10 (50 bp DNA Ladder, purchased from New England BioLab ®) to

scale the migration of the DNA samples in the parallel lanes (Fig. 3.4). The specific

sequences used for PAGE are listed in Table 3.3: f1, f2 and f3 are the components of

T-DNA; fp1, fp2 and fp3 are for T’-DNA. So f(p)i and f(p)j (i, j = 1, 2, 3 and i ̸= j) are

partially complementary to each other, and therefore can hybridize together at room

temperature. Lanes 1-3 were loaded with the mixture of fi and fj (i, j = 1, 2, 3 and

i ̸= j) at 1:1 molar ratio , and lane 4 was loaded with the mixture of f1, f2 and f3 at

1:1:1 molar ratio. Lanes 6-8 were loaded with the mixture of fp1 and fpj (i, j = 1, 2, 3

and i ̸= j) at 1:1 molar ratio, and lane 9 was loaded with the mixture of fp1, fp2 and

fp3 at 1:1:1 molar ratio. The samples were electrophoresed at 100 V for 90 min at

room temperature.

The electrophoresis results are shown in Fig. 3.4. The sharp and distinct principle

bands in lanes 1-4 and lanes 6-9 show a high-yield hybridization of DNA complexes.

The principle bands in lane 1-3 and 6-8 were near the position of the 50 bps marker

in lane 10, in accordance with the mass of the two hybridized ssDNAs (46 bases per

ssDNA). The dark bands in lane 4 and lane 9 represent the migration of the T-DNA

and T’-DNA complexes respectively.
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Table 3.3 The oligonucleotides sequences of PAGE loading samples

Name Sticky end Free joint Segment I Segment II
f1 5’- TGT CAC TCA CAG TTTT TGG ATC CGC ATG ATC CAT TCG CCG TAA GTA -3’
f2 5’- TGT CAC TCA CAG TTTT TAC TTA CGG CGA ATG ACA CCG AAT CAG CCT -3’
f3 5’- TGT CAC TCA CAG TTTT AGG CTG ATT CGG TGT GAT CAT GCG GAT CCA -3’
fp1 5’- CTG TGA GTG ACA TTTT TGG ATC CGC ATG ATC CAT TCG CCG TAA GTA -3’
fp2 5’- CTG TGA GTG ACA TTTT TAC TTA CGG CGA ATG ACA CCG AAT CAG CCT -3’
fp3 5’- CTG TGA GTG ACA TTTT AGG CTG ATT CGG TGT GAT CAT GCG GAT CCA -3’
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Fig. 3.4 Polyacrylamide gel electrophoresis characterization on various ssDNA mix-
utres.

3.3.2 DWS microrhelogy using 600 nm probe particles

Our DNA hydrogels were studied using DWS in echo-mode of the Light Instrument

Rheolab allowing for long correlation times. The light source was a 685 nm wavelength

diode laser. The measured ICF where fitted and then converted into a mean-squared

displacement (MSD) using both the instrument software and for comparison a home-

written software. The procedures are detailed in the Section 3.2.
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Intensity-correlation function (ICF)

DNA-hydrogel samples were made by preparing T- and T’-DNA solutions separately

both at a DNA concentration of 500 µM (see Section 3.2), already containing the tracer

particles. The cuvettes were filled with the respective T- and T’-DNA solutions, which

are liquid at room temperature (RT) in a layer-by-layer fashion at RT for better mixing.

The total filling volume was ∼ 500 µl. Initially the interfaces between the layers gelled

due to the rapid hybridisation at RT. To obtain well mixed samples we heated the

cuvettes to 50 ◦C and incubated them for 20 minutes, which was sufficient to fully

melt the sticky ends rendering the sample a well-mixed fluid of Y-shapes, but also cold

enough to preserve the Y-shaped structure. Following this procedure we ensured that

the final DNA concentration in the fluid phase remained 500 µM, corresponding to

∼20 mg/ml, containing 1 % w/v PS particles. No detectable depletion was observed

in the sample through the measurement.

DWS measurements were done starting at 50 ◦C and slowly cooled down to 20 ◦C.

We measured the scattering intensity in 1 ◦C intervals, and equilibrate the sample for

5 min prior to data acquisition, ensuring the full coverage of the melting transition of

the sticky ends. The scattered intensities were then converted into ICFs and MSDs.

We performed control experiments using 230 nm large PS particles testing both for a

possible dependence of our results on particle size and for hysteresis in the gelation

process by repeating the scattering measurements in a cooling and heating cycle

following the same protocol as for the larger particles. The results, shown in the

Appx. B, confirm that we only probe the viscoelastic properties of our DNA-hydrogel

and that it is a thermally reversible equilibrium gel. The ICF data for the cooling

ramp are shown in Fig. 3.5.
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Fig. 3.5 Temperature-dependent intensity-correlation function (ICF) curves measured
for the 500 µM DNA hydrogel, containing 1 v/v % 600 nm large, sterically stablised
polystyrene tracer particles. The ICF curves were measured starting from 50 ◦C (orange
lines) in 1 ◦C steps cooling down to 20 ◦C (blue lines). The photographs show the
sample cuvette showing the samples liquid state at 50 ◦C top left and the gel state at
20 ◦C to bottom rightt .

Mean-square displacement (MSD)

Several simulation and experimental studies explored the phase diagram of DNA-

hydrogels made of nano-stars with 2-, 3- and more bridging arms [81, 72, 193, 212].

These studies showed that the region where a phase-separation into a nano-star poor

and nano-star rich region becomes increasingly more narrow, shifting to the lower DNA-

concentration end for decreasing valencies [81]. Here we used a total DNA concentration

of 500 µM ensuring that we are firmly in the one-phase region (Fig. 3.6) with the

hydrogel spanning the entire sample. This entails that as we cool the sample from

50 ◦C to RT the entire sample is brought continuously from a fluid phase containing

free Y-shapes to a percolating gel network. In order to obtain a clear signature of this

network formation its melt temperature Tm2 ≈ 35 ◦C must be well below Tm1 of the
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individual Y-shapes. This melt-temperature separation was achieved by increasing

the added salt concentration to 200 mM NaCl [23]. The melting temperature will

also depend weakly on the DNA concentration shifting our systems’ Tm1 to ∼ 62 ◦C,

but cannot be measured directly as such high DNA concentrations are adsorbing

too strongly. Also Tm2 cannot be measured by UV adsorption as its signal is small

compared to that of the dsDNA in the Y-shape.
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Fig. 3.6 (a) Schematic phase diagram of the Y-shaped DNA replotted from [81]. The
arrow indicates the concentration and temperature range of the ICF measurements
shown in Fig. 3.5. The red area represents the two-phase region, and Tc the critical
point. The red area represents the two-phase region, and Tc the critical point. (b)
Illustration of melting curves of the sticky ends. The blue-yellow area represents the
melting transition.

The MSD results extracted from the ICF curves are shown in Fig. 3.7. At tem-

peratures well above Tm2 (orange lines), the MSD curves depend linearly on the lag

time τ over the whole measured region, confirming the ⟨∆r(t)2⟩ ∝ τ relation for

Newtonian fluids and thus proving that in the temperature window between about

55 ◦C and 45 ◦C, our system behaves like a fluid of disconnected Y-shapes dispersed

in a buffer-colloid solution. However, compared with the calculated MDS for 600 nm

PS particles dispersed in pure water with a diffusion constant D = 0.72 µm2 s−1 at
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50 ◦C our sample displays a diffusivity that is two orders of magnitude lower. A similar

decrease is observed in the control measurements using 230-nm large PS particles. This

decrease cannot be due to the presence of the colloids, which would lower the diffusion

coefficient only by 2 % according to the Einstein relation for the viscosity of colloidal

dispersions or the buffer conditions. Hence the observed increase in viscosity is purely

due to the high DNA-concentration. Indeed, assuming that the Y-shapes take up an

effective spherical volume due to rotational diffusion (assuming that each arm is ∼

5 nm long) the approximate volume fraction occupied by the Y-shapes is some 40%,

although the actual DNA content is only 2 weight %.
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Fig. 3.7 Schematic phase diagram of the Y-shaped DNA. The arrow indicates the
concentration and temperature range of the ICF measurements shown in Fig. 3.5.

At T < 30 ◦C and short lag times, the MSD curves are similar to the high-T

measurements increasing with increasing ω, however with a slightly lower exponent

indicating subdiffusive motion of the local bridges between crosslinks. At intermediate

ω corresponding to longer relaxation times, for instance of the ‘cages’ formed by

the crosslinks, the MSD curves reach a plateau. Holding the sample at this lower
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temperature over 20 minutes and measuring the ICF in 5 minutes’ intervals show that

there is no further increase in the plateau value (see SI). This is also expressed in the

flattening of the corresponding elastic moduli G′ presented in Fig. 3.8. This means the

tracer particles remain locally diffusive on short time scales (the diffusion coefficient of

the particles in pure water is 1.65 µm2 s−1 at 20 ◦C) , but are confined by the percolating

DNA-network on long time scales. The transition region marked by the changing colors

in Fig. 3.7 and Fig. 3.8 represents the melt-temperature region over which the fraction

of hydrogen bonds formed between two Y-shapes with complementary sticky ends is

gradually increasing as T decreases. Using refined Santalucia rules for hybridisation [23]

we estimate the width of this transition region to be ∆T ∼ 25 ◦C (see Fig. 3.6(b)).

With a Tm2 ∼ 35 ◦C this means we should reach a fully bonded state and thus a

maximum network stiffness at around T ∼ 25 ◦C. A detailed discussion of the value of

the stiffness is given in the following.

Complex moduli: G′ and G′′

The elastic, G′(ω), and viscous moduli, G′′(ω), measured in a cooling cycle are shown

in Fig. 3.8. Again, similar results were obtained using the smaller tracer particles in a

cooling and heating cycle (see SI), suggesting that the equilibrium gels display only

very small hysteresis effects. As expected, the elastic modulus, G′(ω) undergoes a

significant change as the temperature changes over the melting-temperature region,

while G′′(ω) retains the same linear trend until about 30 ◦C. At high temperatures

(orange lines), G′ is nearly zero at long time scales as the solution is in a fully fluid

state of Y-shapes, but is non-zero at high frequencies reflecting the fact that the sample

is a quasi-concentrated solution of elastic-shapes behaving like soft colloids. Indeed,

above Tm2 the loss modulus dominates (Fig. 3.9(c)). However, around the melting

temperature (between 37-31 ◦C), G′(ω) and G′′(ω) run parallel and on top of each other,
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Fig. 3.8 Temperature-evolution of the complex moduli G′(ω) and G′′(ω) as a function
of frequency extracted from the MSDs in Fig. 3.7. (a) The elastic moduli G′(ω)
measured in a cooling ramp. At temperatures above Tm2, G′ drops down at a frequency
below 102 ∼ 104 rad/s, showing close-to-zero elasticity; below Tm2, only th eonset of
the decay in the ICF could be monitored. Hence the low-frequency region is plotted
as dashed lines using extrapolations. (b) The viscous modulus G′′(ω) in cooling (top)
ramp.

which we identify as the point of full percolation. This percolation can be understood

when looking at Fig. 3.6(b): in the melt-transition region increasingly more Y-shapes

bind to each other forming many clusters that grow in size as the temperature decreases.

At Tm2 half of all possible hydrogen bonds or base pairs are bound, which does not

mean that half of all Y-shape arms are bound at all times but that they continuously

form and break partially and thus on average form a single cluster. Below Tm2 the

fraction of hybridized base pairs continues to increase until about 25 ◦C and also their

life time becomes longer. At even lower temperatures (blue lines), the G′ reaches a

plateau value of ∼ 400 Pa in the intermediate time range, which corresponds to a mesh

size ξ ∼ 21.5 nm, assuming the scaling behaviour of the bulk modulus Gbulk ∝ kBT/ξ
3.

This is in good agreement with the calculated mesh size from the design that suggests
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Fig. 3.9 Comparison of G′(ω) and G′′(ω) at temperatures of 20 ◦C, 35 ◦C, and 50 ◦C,
representing typical behavior at temperatures below, around, and above Tm. (a) At
20 ◦C, G′′ is higher than G′ at frequencies below the crossover frequency ∼ 104 rad/s.
(b) At 35 ◦C, G′ and G′′ are overlapping over almost the entire frequency range. (c) At
50 ◦C, G′′ is higher than G′ over the whole measurable frequency range, showing no
crossover point at all.
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an average distance between bonded Y-shape centres of ξ ∼ 20 nm corresponding to a

slightly higher elastic modulus.

Interestingly, below T ∼ 25 ◦C our fully formed network is very similar to that of

classical transient networks of flexible polymers held together by crosslinks through

physical interactions that constantly form and break (Fig. 3.9) [196]. The frequency

behaviour of such transient networks shows a typical Maxwellian G′′(ω) ∝ ω increase

at long times, reflecting the fact that the TT’ bonds between the Y-shaps are not

irreversibly formed. In fact, we see a crossover between the steeper increasing G′(ω)

and G′′(ω) at around 1 s−1, which is know to correspond to the life time of the short

double-stranded bond between two Y-shapes at RT, and can be explained by the

reptation model for associative polymers [197, 195]. Note that we cannot determine

the exact crossover as the errors in our DWS measurements start to diverge at smaller

frequencies. However, as expected this crossover frequency increases slightly as the

temperature rises, reflecting the decrease in the bond life-time (Fig. 3.9). A similar

observation was made in dynamic light scattering experiments on gels of 4-armed

nanostars [194]. This crossover is then followed by a plateau in G′(ω), while G′′(ω)

decreases slightly for some intermediate frequency range before both moduli start

increasing again at higher frequencies. In our case this dip in G′′(ω) might be ascribed

to the fact that the elastic network dominates in this time regime before a sufficient

number of bonds break and the tracer colloids can move. Consequently, this dip in

G′′(ω) disappears when the temperature reaches the melt-transition region when the

life time of the bonds decreases further and the viscous contributions increase. At even

higher frequencies G′′(ω) gradually reaches the linear behaviour in ω as it reaches the

fully liquid state by coming from a weakly sub-diffusive behaviour in the transition

region, while G′(ω) reaches a power-law behaviour with a fractal exponent. In the gel

phase this upturn in G′(ω) at high frequencies is simply due to the fact that the bond
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life-time is now longer than the typical motion due to thermal fluctuations and thus the

system shows the typical increase in elasticity as the system cannot relax fast enough.

This is associated with its second crossover between the two moduli appears to occur

at ωc ≈ 4× 104 Hz at temperatures at T ∼ 35-50 ◦C (Fig. 3.7). At this high frequency,

the main elastic contribution must come from the cluster phase, with clusters forming

‘cages’ of the Y-shapes. These completely disappear at even higher temperatures.

We made an exciting observation when performing low-frequency bulk-rheology

measurements on the very same system, in which we removed the flexible linkers. The

measured G′(ω) and G′′(ω) curves showed an increase by a factor of up to 7, which was

also observed when using the samples with and without flexible linkers but 12 instead

of 9 bases (Section 3.3.3). This stiffening is particularly visible in the photograph

shown in Fig. 3.1. Moreover, further DWS data (see Fig. 3.10) on the 12 bp sticky

ends also confirm that the percolation transition coincides with the system’s melting

transition, only that now that transition occurs at ∼ 44 ◦C, the Tm2 for the 12 bases.

Finally, at T & 35 ◦C we can plot the half-time of the relaxation of the ICF as

inverse function of temperature. The slope of the resulting Arrhenius plot provides

us with the strength of the bonds between two Y-shapes, where the relaxation time

τ = t1/2 = τ0 exp(−∆H/kBT ). Following the arguments by Nava et al. [90] this will

happen when at least 2 bonds per Y-shape are broken, which corresponds to about 60

kcal/mol in our case.

3.3.3 Bulk rheology

Bulk-rheology measurements were performed to measure both the low temperature

behaviour G′(ω) and G′′(ω) and their change, when the flexible thymine-linker was

removed. Finally, also differently long sticky overhangs were tested while keeping the

centres of the Y-shapes unchanged.
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Fig. 3.10 Comparison of G′(ω) and G′′(ω) of hydrogels with 12-bp sticky ends at
temperatures of 31 ◦C, 44 ◦C, and 58 ◦C, representing typical behavior at temperatures
below, around, and above Tm.
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w/o spacer w/ spacer
@ 20 °CG'
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Fig. 3.11 Bulk-rheology measurements on 500 µM concentrations of T and T’-DNA
nanostars (a) for sticky overhangs with 12-bases and (b) the same 9 bp overhangs used
in all microrheology measurements presented. Also the same buffer and salt conditions
were used.
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To demonstrate the effect of the flexible linkers, we performed bulk-rheology

measurements on the T and T’-DNA system with the 9 bp long sticky overhangs, both

with and without flexible linker. We compared these with the very same system (same

concentration) but with 12 bp overhangs - again with and without flexible linkers

(Fig. 3.11). In order to avoid too much evaporation during the measurements we

preheated the lower plate of the rheometer to 30 ◦C with the cone in close proximity,

then lifted the cone to quickly place the gel and immediately afterwards lowered the

cone to measuring position. The geometry was then enclosed with a vapour trap. After

a 10-minute equilibration time we lowered the system’s temperature to 20 ◦C. This

procedure does not allow for careful equilibrium hybridization of the sticky overhangs

and as we loaded the samples in the gel state they had been strongly sheared, but

slow cooling form 50 to 20 ◦C would compromise our samples. Nevertheless, the

bulk-rheology results closely match the results obtained with DWS at low frequencies

for the 9 bp overhang system with flexible linker, showing a bulk-elasticity plateau

at around 200 Pa. And also G”(ω) dips down slightly at higher frequencies, as was

observed in the DWS measurements. When further cooling the sample to 10 ◦C both

moduli do not change much. In fact the plateau value of G’(ω) only increases by a

few percent, which illustrates that although we loaded the sample in a crude way, we

control the systems elasticity purely by the known number of crosslinks we add to

the system, which are all connected to each other at 20 ◦C. The exciting only change

we achieve is by removing the flexible linkers leading to the increase of the elasticity

plateau to about 500 Pa. As explained in the main text, this is due to the fact that

by the removal of the flexibility in the system we transfer the system from a transient

network of flexible linkers dominated by entropy to a more rigid energy driven network.

Comparison with the same system, in which we replaced the sticky overhangs with

12 bases (5’- TGT CAC TCA CAG and 5’- CTG TGA GTG ACA for the T and
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T’-DNA shapes) respectively showed a very similar behaviour. As for the system with 9

bases overhangs we measure a similar bulk elasticity of about 90 Pa when incorporating

the flexible linkers, which increased now by a factor of 7 when the flexible linker is

removed. Note that although the systems transition to a gel occurs now at even higher

temperatures (for details see below) while keeping the concentration of the linkers the

same we still obtain a very similar bulk elasticity. The small variations value at 20 ◦C

is simply due to the loading procedure and the fact that in bulk-rheology each loading

can lead to variations of about 10% because every time a slightly different amount

may be used. The striking result is the increase in G’(ω), which is purely due to the

absence of the flexible linkers.

3.4 Conclusions

To summarise, our micro-rheological measurements demonstrate how a transient cross-

linked hydrogel is formed as it is brought from the high temperature range, where

the Y-shaped building-blocks form a viscous fluid, into an equilibrium gel-phase.

Remarkably, once all possible bonds are formed below the melt-transition region the

DNA-hydrogel shows a frequency behaviour very similar to that of transient networks

of flexible polymers, although the connection between two Y-shape centres is not a

fully flexible polymer but rather two semi-stiff dsDNA strands connected via two short,

flexible ssDNA linker and another rigid dsDNA (TT’) bond.

Interestingly, when the flexible ssDNA linkers are removed while keeping the same

Y-shape density, the elasticity of such a network increases 7-fold, indicating that

the network goes from a flexible, entropy-driven to a more elastic system that is

dominated by the energy of the semi-stiff connectors between the Y-shape centres.

Testing two differently long sticky bonds, we also show their melt-temperature Tm2

could be identified as the percolation transition. It should be noted that the results
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presented here cannot be obtained by regular bulk-rheology because for evaporation

problems, but also single-bead microrheology would lead to ambiguous results due to

local heating around the laser-trapped probe particles.

Our findings show that we can develop a new class of hydrogels with more ordered,

local structure, or if ‘cooling in’ a cascade of hybridisation temperatures hierarchical

structures. These could be achieved by introducing locally more rigid DNA building

blocks. Such networks could be envisaged as builders of thermo-responsive materials

that could provide controlled drug released, or as micron-sized actuators with well-

defined elastic modulus.
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Chapter 4

A Coarse-grained simulation of DNA

hydrogels

Massive computational models of DNA at a wide range of coarse-graining levels have

been proposed in recent years, each focusing on different aspects of DNA nature. My

interest lies on the simulation of large-scaled DNA hydrogel systems, which could

represent the experimental model introduced in the previous chapter, or its variations.

Therefore, in this chapter I will introduce a coarse-grained simulation model of DNA

hydrogels consisting of Y-shaped DNA as building blocks. In this model, each building

block comprises of three dsDNA arms with ssDNA sticky overhangs, mimicked by

chains of beads and patchy particles respectively. Melting curves are sketched to

demonstrate the validity of the model, and the radial distribution function and linear

elasticity are later calculated to extract informations on the structural and mechanical

properties of the system in bulk. Our model offers a computationally cheap approach

to explore the bulk properties of a percolating DNA hydrogel system and provides

guidance for future design of DNA hydrogels with different building blocks.
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4.1 Introduction

As discussed in previous chapters, DNA hydrogels belong to a class of semi-flexible

polymeric network that consist of synthetic nucleotide strands whose binding is governed

by the strict rules of base pair complementarity [56, 68, 71, 81]. The ability to precisely

synthesize base sequences, and thus to specify the binding rules a priori, makes

DNA-based systems superior to conventional polymeric networks with non-specific

interactions [213, 55]. Thanks to this uniquely programmable behaviour, DNA hydrogels

have found applications in areas such as drug delivery [56], 3D cell cultures [176], and

bio-printing [62]. In recent works, the phase diagram and some aspects of the rheological

behaviour of DNA hydrogels have been revealed [84, 81, 72, 193, 214, 215], but robust

links between base complementarity and structural and mechanical properties of the

resulting hydrogel at the bulk level are missing. Here we establish a simulation model

for DNA hydrogels that offers predictions of the structural and mechanical properties

of the sample in bulk. Our model can serve as a supplement to ongoing experiments

and could provide instructive guidance for future material design.

Computational models of DNA at a wide range of coarse-graining levels have been

proposed, each focusing on different aspects of DNA nature. For instance, atomistic

models [134, 138, 139] that provide detailed dynamics of nucleotides have advantages

in investigating DNA folding and protein-nucleic acid interactions, while bead-spring

polymer models with up to 3000 base-pairs represented by one single bead offer a

means of obtaining bulk material properties at considerably lower computational

expense [135, 140]. Models adopting an intermediate level of coarse-graining have also

appeared, most notably the OxDNA model [156], which has been utilised in simulating

several DNA nanotechnological systems [153, 126, 128, 216]. The model represents

ssDNA as a chain of rigid nucleotide beads with effective interacting sites that can

78



4.1 Introduction

reproduce the thermodynamics and structural properties of single strands and duplexes

with DNA specificity.

The sequence specificity is, however, not always required for simulating self-

assembled DNA systems, especially when all the possible ssDNA interactions are

well known. In these cases, the whole interacting ssDNA sequence can be treated as a

single ‘patch’ with its potential matching the physical rules [217–222] from the viewpoint

of thermodynamics and statistics. This approach maintains the function of ssDNA

as selective bridges and at the same time accelerates the simulation process allowing

for large numbers of repeating units that assemble into large, geometrically-accurate,

topological structures.

With regard to DNA hydrogels, our interest lies in the structure and mechanics of

large-scale systems (e.g. a DNA polymeric network assembled by at least hundreds

of Y-shaped DNA units), hence base-pair models [156, 131–133] are too detailed.

Computational models on DNA gels self-assembled from branched DNA complexes

have been proposed to mimic the bulk behaviour of the system, particularly focusing

on the assembly and gelation processes [84, 223]. In those models, structural disorder

of such systems has been demonstrated and further discussed, but deeper studies on

the possible microstructures of the network, which may facilitate future design of the

system, is still absent. Furthermore, the bulk mechanical properties of DNA gels have

not been mentioned in any of the present models, but these parameters are actually

key in testing some of the functions of the materials. These are limited by the design

of the models. In F. Starr and F. Sciortino’s model [223], the basic geometry of the

DNA building blocks is not retained, and thus the microscopic structures cannot be

accurately represented. While in other cases where oxDNA model or its equivalences

were used [193, 84], the calculation is too heavy to apply due to the consideration of

the specific sequences in building blocks. Therefore, a computational model of DNA
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hydrogels that both retains the DNA binding rules and is light enough for calculating

the bulk properties, is in great need.

Here, we discuss one class of DNA hydrogels that is self-assembled from tri-valent

building blocks, which are known in the literature as DNA nanostars or Y-shapes in

the case of nanostars with three arms. The system is constructed of three arms made

of semi-soft beads, where the terminal beads have attractive patchs that represent the

ssDNA sticky ends [224]. All Y-shapes in the system have the same core structure;

for illustrative purposes half of them have only one type of sticky ssDNA on all three

arms, while the other half carries the complementary ssDNA, which is represented as a

complementary sticky patch. We first give a detailed account of the numerical model,

and then go on to explore the system’s melting behaviours, structural properties and

linear bulk elasticity.

4.2 The model

4.2.1 Y-shaped building blocks

The geometric and interaction parameters in our model were chosen to best represent

the structure of Y-shaped DNA units, motivated by the experimental work conducted by

Xing et al [215]. Our simulation uses a bead-spring model to represent the dsDNA arms

(see Fig. 4.1), with attractive patches to mimic the ssDNA sticky ends (Fig. 4.2(a)).

Each of the Y-shaped repeating units comprises ten beads: one central bead; six

structural beads arranged in three arms; three patch beads, with one at the end of

each arm. The neighbouring beads in each arm are connected by harmonic bonds that

are kept approximately linear by an angular potential with minimum at 180°; the three

arms are equally distributed around the central-bead with minima at 120° (see below

and Fig. 4.1). The three patch beads provide attractive sites on the outer surface of
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4.2 The model

the terminal bead of each arm. For simplicity, we define two patch types, symbolised

as patch A and patch B, which represent two complementary DNA sequences. The

attraction is only enabled for patches in different types (A-B); for patches in the same

type (A-A or B-B), they repel each other.

(a)

harmonic bond

excluded volume

rij= 0.96

Rj= 0.56

rjk = 0.56

i j

j

j k

patch

harmonic bond

=120°

=180°

(b) (c)
d ≈ 2 nm

= 5.1 nm
l ≈

 0.34 nm/bp x 
15bps 

2R = 1.12

L 
=

 2
.4

8

Fig. 4.1 Schematic of the bead-spring representation of Y-shaped units.

The model is implemented in LAMMPS [225], in which we take, for generality, the

fundamental units as mass mLJ, distance σLJ, energy ϵLJ and the Boltzmann constant

kb. Neighbouring beads (and the patches with their host beads) are bonded with a

harmonic potential given by

Vbond = Kbond(r − r0)
2, (4.1)

where r0 is the equilibrium bond distance and Kbond is the stiffness of the harmonic

bond. We set Kbond as 300 ϵLJ/σ
2
LJ throughout, only allowing for small disturbances

around the equilibrium distance. We set r0 to 0.96σLJ for bead-bead bonds and 0.56σLJ

for the bead-patch bonds so that the patch stays on the surface of its host . The angle

constraint is set similarly by a harmonic potential

Vangle = Kangle(α− α0)
2, (4.2)
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Fig. 4.2 (a) Visual description of the designed patchy interactions between patch A
and patch B. (b) Pairwise potentials used in the model. (c)-(f) Illustrations of other
typical cases for patch-patch interactions. (c) patch B-B attraction. (d) Bending
situation. (e) A third-body repulsion. (f) A bent-angle restriction from an attractive
patchy pair.
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where α0 is the equilibrium angle and Kangle sets the bead/patch chain rigidity. We

set αbranch
0 = 180° and αcentre

0 = 120° to ensure the basic geometric configuration of the

Y-shape, and Kangle = 300 ϵLJ/rad2 to constrain the bending of the chains.

The excluded volume of the beads is defined by a Weeks-Chandler-Andersen (WCA)

pair potential:

VWCA(r, ϵ, σ) =

 4ϵ
((

σ
r

)12 − (
σ
r

)6)
+ V ′ r ≤ 1.12σ

0 r > 1.12σ
(4.3)

where ϵ = ϵLJ and σ = σLJ, and V ′ is set such that VWCA(r = 1.12σ) = 0. The

WCA potential is also used for patches of the same type to avoid attractions between

non-complementary sequences and to inhibit three-patch attachment. For this purpose,

the energy and distance parameters are chosen to be ϵ = ϵLJ and σ = 0.67σLJ, and

therefore the cut-off distance in Eq. 4.3 becomes 1.12σ = 0.67σLJ and we reset V ′

accordingly. The patch-patch attraction between complementary patches (i.e. the A-B

interaction) is set by a Lennard-Jones (LJ) potential:

VLJ(r, ϵ, σ) = 4ϵ

((σ
r

)12

−
(σ
r

)6
)
+ V ′′, r ≤ rcutoff (4.4)

where ϵ = 4 ϵLJ and σ = 0.2σLJ and V ′′ is set so that VLJ(r = rcutoff) = 0. Here

rcutoff = 5σLJ, giving a long-range attraction that can mimic the ssDNA attractions

between complementary sequences. The combination of WCA and LJ potentials

employed in representing the patchy ends of the building block arms effectively prevents

pairwise additivity of the attractions, giving each arm a strict valency of 1, Fig. 4.2(b).

All the parameters were chosen empirically and tested to ensure they satisfy the

geometry of the experimental model and the physical interactions.
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4.2.2 Initial configurations

We first prepare initial configurations by randomly placing non-overlapping Y-shaped

units into a cubic, periodic simulation box. We used a Monte Carlo algorithm: i. a

seed Y-shape is placed in the centre of the box; ii. a duplicate Y-shape is generated,

given a random rotation and tranlation, and is labelled as type A or B (with equal

probability); iii. if the duplication fits in the simulation box and does not overlap

with the existing units (evaluated by a cut-off distance), it is retained, otherwise, the

duplication is abandoned; iv. run until the number of valid Y-shapes meets the pre-set

number. The resulting configuration is then used as the configurational input for

the following simulation. Fig. 4.3 shows examples of initial configurations. The data

presented hereafter represents ensemble averages of 10 realisations.

We set the side length of the box as 30σLJ, with periodic boundary conditions.

The number density is set by varying the number of the Y-shaped units between 50

and 400. The volume per Y-shaped unit is estimated as 7.3σ3
LJ, calculated by the

formula VY ≈ (πr2 × l) × 3, where r = 0.56σLJ, and l = 2.48σLJ. We characterise

the concentration based on the number density ρ as well as the approximate volume

density φvol.

4.2.3 Simulation details

To represent the solvent environment, we perform all coarse-grained molecular dynamics

simulations using Langevin dynamics, in which the trajectories of each bead are

computed according to

m
d2x

dt2
= −∇U(x)− λ

dx

dt
+ η(t), (4.5)
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Fig. 4.3 Plots of randomly generated non-overlapping initial configurations at increas-
ing concentrations in a 30 × 30 × 30σ3

LJ cubic simulation box. The corresponding
‘per Y-unit’ number densities and representative volume fractions are labelled on the
bottom left of each panel.
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where x and m (in units mLJ as above) are the position and mass of the bead

respectively. U(x) is the particle interaction potentials introduced in Section 4.2.1, and

therefore −∇U(x) is the applied forces correspondingly. The damping parameter λ that

represents the viscosity of the solvent was set to 10 τLJ, where τLJ = (mLJσ
2
LJ/ϵLJ)

1/2 is

the reduced time unit. η(t) is a noise term from interactions with a stochastic heat

bath via random forces and dissipative forces. It can be written as η(t) =
√
2γkBTR(t),

where kB is Boltzmann constant, T is the temperature (ranging from 0.05 ϵLJ/kb to

0.7 ϵLJ/kb for all the simulations), and R(t) is a delta-correlated stationary Gaussian

process with zero-mean. We first perform the equilibrating simulation at a fixed

temperature Ti (0.05 ϵLJ/kb ≤ Ti ≤ 0.7 ϵLJ/kb), starting from the initial configurations

aforementioned. The numerical time step was set to 0.005 τLJ, and each of the

simulations runs for 5× 104τLJ to ensure that the steady state is reached. We use the

number of connected patchy pairs to characterize the connectivity of the network, shown

in Fig. 4.4(a). This quantity increases with time, reaching a steady state plateau whose

value depends on T and the number density ρ. We define the degree of association θ

to evaluate the connectivity of the network, which we define here as:

θ =
M

(Qvalence ×N)/2
(4.6)

where M is the number of connected patchy pairs (which was evaluated by a cut-off

distance between any two patches), N is the total number of Y-shaped units and Qvalence

is the building block valency, which is 3 in our model. The denominator represents the

maximum number of connected patchy pairs for a system of N units, and therefore

θ = 0 → 1.

As shown in Fig. 4.4(a), we compute values of M time-averaged over the steady

state period. Fig. 4.4(b) plots θ against temperature T, which we refer to hereafter

as the melting curve. A hysteresis test is run to confirm that the systems stay in
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Fig. 4.4 (a) Illustration of equilibration process quantified by the number of connected
pairs at temperatures from 0.1 → 0.75 ϵLJ/kb. The system starts at a randomly
generated non-overlapping initial state (Fig.4.3) and eventually reaches its steady state,
where the number of connected pairs reaches a plateau. (b) Degree of association
θ(T) calculated from the averaged number of connected pairs in Fig. 4.4(a) (masked in
yellow). (c) Hysteresis test for cooling-down and heating-up ramps. All the data are
taken on a system with ρ = 1.39σ−3

LJ in the simulation box = 30× 30× 30σ3
LJ.

equilibrium after the aforesaid approach. We first take the equilibrated system at

temperature T = 0.65 ϵLJ/kb as the input configuration, and then cool it down to

T = 0.6 ϵLJ/kb until another steady state is reached. Likewise, the final steady state of

the (i-1 )-th step was chosen to be the starting point of the i -th step, whose steady

state serves as the starting state for the step i+1, and so forth. Fig. 4.4(c) shows

cooling and heating ramps for temperatures between 0.1 ϵLJ/kb and 0.65 ϵLJ/kb. No

hysteresis is observed, demonstrating the equilibrium nature of the steady state.

4.3 Results and discussions

4.3.1 DNA thermodynamics

Thermodynamic hybridization for short-stranded DNA can be described by a two-state

model. We first assume that the equal-numbers of complementary ssDNA mixture
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(molecules are noted as A and B) can hybridize into dsDNA (molecules noted as AB).

The equilibrium constant Ka for this reaction can be written as

Ka =
[AB]/[∅]

([A]/[∅])([B]/[∅])
= exp(−β∆G∅), (4.7)

where [A], [B] and [AB] refer to the concentration of ssDNA A, ssDNA B and dsDNA

AB respectively. [∅] refers to the standard state concentration, which is 1 Molar.

β = 1/kBT , where kB = 1.38×10−23m2 kg s−2K−1 is the Boltzmann constant, and T is

the temperature in Kelvin. ∆G∅ is the standard Gibbs energy for DNA hybridization,

which can be estimated using the SantaLucia thermodynamic model [24].

To transfer these values into simulation parameters, we furthermore write the DNA

concentration in number density, and therefore the concentrations of A, B and AB are

denoted as ρA, ρB, and ρAB, respectively. Starting with the fully disassociated state

θ = 0, and with an equal (by number) mixture of A and B, we write down the initial

number densities as

ρ◦A = ρ◦B = ρ, (4.8)

so that at a given temperature T where θ = θ(T), the number densities of AB, A and

B are
ρAB = ρθ

ρA = ρB = ρ(1− θ).

(4.9)

The left-hand term in Eq. 4.7 becomes

Ka =
ρABρ

∅

ρAρB
=

θρ∅

ρ(1− θ)2
(4.10)

where ρ∅ = 6.022× 1026m−3 is the standard number density. With the total volume

fixed at V and N the number of building blocks, the number density can be written as
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ρ = N/V . Hence Eq. 4.10 can be written as

Ka =
θ

N(1− θ)2
× ρ∅V . (4.11)

Substituting Ka with Eq. 4.11, Eq. 4.7 can be written as

θ

N(1− θ)2
× ρ∅V = exp(−β∆G∅), (4.12)

where the left-hand purely relates to the number density and degrees of association,

and the right-hand term is associated with the energy.Defining a new parameter

K∗
a =

θ

N(1− θ)2
, (4.13)

we write Eq. 4.12 as

K∗
a = exp(−β∆G∅)/ρ∅V . (4.14)

For a certain ssDNA sequence, ∆G∅ is constant [24]. At fixed temperature T and

volume V, therefore, K∗
a should remain the same value at equilibrium regardless of the

initial state. This allows us to test the feasibility of the simulation model by calculating

Eq. 4.13 with N and θ varying.

Fig. 4.5(a) shows melting curves for systems with number densities ρ varying from

0.28 to 2.22 σ−3
LJ . Each data point θ(ρ, T ) is averaged from 10 independent realisations

following the equilibrating strategy described above. At low temperature θ → 1,

indicating a percolating network, which we call the gel phase. At high temperature

θ → 0, meaning all patchy pairs are disassociated, indicating a gaseous phase. A

transition is shown at intermediate temperatures. It is understandable that the melting

curve shifs rightwards as N increases, because ∆G∅ includes the concentration of ssDNA

and therefore influences the value of θ(N, T = Ti). According to Figs. 4.4 and 4.5(a),
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Fig. 4.5 (a) The simulation-determined melting curves for samples at number density
ρ = 0.28 → 2.22σ−3

LJ . (b): Arrhenius plot obtained from θ(T ) as described by Eq.4.15.

θ is still slightly smaller than 1 even at T → 0, meaning that not all the patches are

bonded. This could be mainly due to two reasons: (i) the geometric restriction from

the angular potentials and (ii) the kinetic arrest in local energy minimum region. The

former can explain why the upper plateau of θ(T ) increases as the total number of

molecule increases: because the number of geometrically restricted pairs is more or

less the same, while the total number is rising up, the effect is less significant as it is

averaged by the whole system. The latter explains the dropping-down part at T = 0.1

in the ρ = 0.28σ−3
LJ curve. As the temperature is so low, patchy pairs may form before

the equilibrium state reaches. Once connected, such pairs are so strong that they

require more thermal energy to break them up. When the temperature slightly goes up,

the thermal energy increases so the misplaced pairs disassociate and may eventually

form new pairs in their equilibrium state.

We can write Eq. 4.12 explicitly as

K∗
a = exp(−β∆G∅)/ρ∅V = exp(−∆H

kBT
+∆S)/ρ∅V , (4.15)

90



4.3 Results and discussions

where ∆H < 0. Neglecting small changes in ∆H and ∆S that result from varying

the DNA concentration [24], we expect that ln(K∗
a) ∼ 1/T , Fig. 4.5(b). We find this

relationship holds at high temperatures (θ < 0.5), but breaks down as the percolating

network is achieved (θ → 1). This is expected as Santalucia’s theory only applies for

free ssDNA models. In particular, for our model with three ssDNA sites geometrically

constrained onto one Y-shaped body, additional structural energies and entropies should

be considered. In the gas phase, the extra term from the configuration is not influential

so SantaLucia’s model still applies. When approaching the gel phase, though, the

two-state DNA thermodynamic model should be modified. Nevertheless, our proposed

simulation model fits satisfactorily with the simplified DNA thermodynamic theory

and predicts melting curves consistent with expectation.

4.3.2 Structural properties

Our structural analysis of the DNA hydrogel model is guided by the radial distribution

function g(r) of the central beads of the Y-shaped units. The mathematical expression

is described by Eq. 4.16

g(r) =
1

4πr2ρN

N∑
i=1

N∑
j ̸=i

⟨δ(|rij − r|)⟩, (4.16)

where N is the total number of the central beads, and ρ is the averaged number density

of the central beads across the whole system. The sum counts the total number of

the central bead pairs at the distance r. We average this quantity over equilibrium

configurations.

Fig. 4.6 shows a schematic of the geometry of four Y-shaped units connected in

a chain. They are marked in two different colours (green and blue) indicating units

with different patch types (patch A and patch B). We define the centre points of the
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Fig. 4.6 Schematic of the typical configuration of four Y-shaped units associated in a
row, drawn in blue and green respectively to indicate different patchy types. A1, A2,
A3 and A4 denote the centre point of the centre beads (darker color).

central beads (darker green or darker blue) in a row as points A1, A2, A3 and A4, and

the planes where the corresponding Y-shaped units stay on as planes P1, P2, P3 and

P4. The sketch follows the assumptions below:

1. All the beads in one Y-shaped unit are on the same plane.

2. The arms of two connected patches are aligned along their principle axis. Fig. 4.6(a)

shows the case that they are not aligned.

3. The three beads in sequence in the same arm are properly aligned. Fig. 4.6(b)

shows the case where they are unaligned.

4. The plane Pi+1 can rotate freely around the AiAi+1 axis. We assume the rotation,

or dihedral angle of plane Pi and Pi+1, follows a uniform distribution.

Our choice of Kbond and Kangle ensure that assumptions 1-3 are satisfied to a good

approximation.
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According to these assumptions, we estimate the three typical lengths marked

as r1, r2 and r3, which represent the distance of A1A2, A2A3 and A3A4 respectively,

as well as angles ϕ1 and ϕ2 that represent ∠A1A2A3 and ∠A1A3A4 (see Fig. 4.6).

We calculate that r1 = 4.96σLJ, and r2 = 8.59σLJ with ϕ1 at a fixed value of 120◦.

Though ϕ2 is unknown, if we take the uniform distribution for the rotation angle, the

expectation value of r3 can be calculated as ≈ 2.37 r2, which is then 11.5σLJ. Details

of the calculation are given in Appx. D.

(a)

peak 4

r3min

 
r3max

 r3
 

ρ=1.94

peak 1 peak 2 peak 3

r3min

 
r3max

 r3
 

low T high T

(b)

B1

B3

B2

B4

��e��1

��e��4

(c)ρ=0.28

Fig. 4.7 Central-bead radial distribution function g(r) for ρ =
0.56, 0.83, 1.11, 1.39, 1.67 and 2.22σ−3

LJ systems at various temperatures.
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We measured the radial distribution function g(r) of the central beads of the systems

at various concentrations and temperatures, at the equilibrium states acquired before.

All measurements were time-averaged over 106 configurations from the time series and

then over 10 independent realisations at given (N, T), with T chosen to cover the full

melting region. Fig. 4.7(a) shows the radial distribution function at ρ = 1.94σ−3
LJ for

across a range of T . For all the measurements, g(r) = 0 at r < 1.12σLJ, which is the

cut-off distance of the WCA potential applied to the central beads. At high temperature,

g(r) is approximately flat thereafter, showing a gaseous phase consistent with the

melting temperature results. At low temperature, we obtain three peaks at distance

rp1 = 4.85σLJ, rp2 = 8.60σLJ and rp3 = 11.84σLJ. This is in good agreement with

our theoretical prediction where ⟨r1⟩ = 4.96σLJ, ⟨r2⟩ = 8.59σLJ and ⟨r3⟩ = 11.76σLJ,

demonstrating that in the bulk structure, the distribution of dihedral angles is roughly

uniform. The minor off-set in each of the peaks is mainly due to misalignments that

violate our above assumptions, as shown in Fig. 4.6(a) and (b). Accordingly, the

corresponding value of ϕ2 is calculated as 120.6◦ for r3 = 11.76σLJ as above (see

Eq. D.3). This shows that the basic configuration of Y-shaped units in a chain is

simply not in a plane (ϕ2 = 90◦ or 150◦), which furthermore illustrates that the system

prefer to form a 3D network instead of a 2D sheet.

The results of the system at low concentration (ρ = 0.28σ−3
LJ , Fig. 4.7(b)) show an

unexpected 4th peak between r1 and r2. As discussed in detail in Appx. D, r1 is the

shortest characteristic length in the system, and, assuming the planar arrangement

in Fig. 4.6, r2 is the second shortest. Why does it happen? We find that at low

concentrations there is a closed ring structure formed by 4 Y-shaped units (Fig. 4.7(c))

rather than an open linear structure (Fig. 4.6). The diagonal distance B1B3 in the ring

structure indeed matches the value of rp4. The ring structure results from considerable

bending from the patchy connection point between to associated arms, and is only
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Fig. 4.8 Central-bead radial distribution function g(r) for ρ =
0.56, 0.83, 1.11, 1.39, 1.67 and 2.22σ−3

LJ systems at various temperatures.
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observed for the very dilute case, where it is widespread. In order to form a 4-membered

ring, l1 is deviated from its most probable length, which costs extra energy; but the

extra connected patchy pairs from the ring structure compensates the energy penalty.

Fig. 4.8 presents the radial distribution functions of the systems at the rest concen-

trations, and we can clearly see that the peak 4 is only present for ρ = 0.28 and 0.56σ−3
LJ ,

and at higher concentration we can only observe 3 typical peaks. This indicates that

at high concentrations equal to and above ρ = 0.83σ−3
LJ , the system is densely packed,

which frustrates ring formation; and at low concentrations, there is still some empty

space, so some free patches automatically detected their counterparts, and form an

attractive patchy pair to reach the global energy minimum. The structural information

from our model can provide as the reference for more complicated design on the building

block or the patch pair connecting rules in the future.

4.3.3 Response to oscillatory shear

We explored the rheological properties of the hydrogel networks by applying shear flow

(with flow in x and gradient in y) to the systems after equilibration (see Fig. 4.9) and

subsequent cooling to T = 10−7 ϵLJ/kb, such that thermal motion may be considered

negligible. This approach gives a simplified prediction of how the overall structure

responds elastically to mechanical perturbations.

A Nose-Hoover temperature thermostat accompanied with the SLLOD equation

of motion [226] is employed, ensuring that the simulation is carried out in canonical

ensemble at volume V and temperature T. By using the SLLOD equation of motion,

we can subtract the streaming velocity of the particles caused by the re-shaping of the

simulation box while shearing (Eq. 4.17) [227, 226].

ṗxl = Fxl − γpyl (4.17)

96



4.3 Results and discussions
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Fig. 4.9 Snapshots of fully associated system (θ → 1) (a) in the unsheared state and
(b) in the sheared state.

The positions and velocities of the particles are re-mapped every 0.001 τLJ for transient

shear, and 0.0002 τLJ for oscillatory flow to eliminate the integration errors in the latter

case (Fig. E.2). To achieve oscillatory shear, we impose a time-dependent strain and

rate of the strain given by Eq. 4.18

γ(t) = γ0 sin(ωt),

γ̇(t) = γ0 ω cos(ωt),
(4.18)

where γ0 is the amplitude of the shear deformation, and ω is the shearing frequency.

Assuming that we remain in the linear viscoelastic regime, the resulting shear stress

(in the xy direction) can be written as:

σ(t) = σ0 sin(ωt+ δ) (4.19)

where σ0 is the amplitude of the shear stress, and δ is the phase shift of the stress

response due to the different contributions from elasticity and viscosity of the material
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at various frequencies. The storage G’(ω) modulus can be obtained according to

Eq. 4.20:

G′ =
σ0

γ0
sin(δ) (4.20)
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Fig. 4.10 Illustration of strain and stress time series for three cycles.

We first apply an oscillatory shear deformation with amplitude γ0 at a fixed angular

frequency ω. This deformation amplitude has been verified by running transient shear

flow simulations at various shear rates (that is, γ(t) = γ̇t, see Fig. E.1 in Appx. E.1), to

ensure that the response is expected to stay linear throughout the entire shearing cycle.

Then we acquire the time-series of the output shear stress σ(t) from the simulation.

The output shear stress σ(t) shows a sinusoidal shape with a phase shift from the

input shear strain as expected. The fact that δ remains very small further confirms

the linearity of the shearing process taken. The example stress response is illustrated

in Fig. 4.10. We average σ(t) for every 3 cycles and then compute σ0 and δ (Eq. 4.19),

before using Eq. 4.20 to obtain G′. By changing the value of the driving oscillatory

frequency ω we can plot the curves for G′(ω).
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Fig. 4.11 (a) Separated pair, bond and angle contributions and the overall stress to
the storage modulus G′(ω). (b) Storage modulus G′(ω) with active patches at 1, 0.67,
0.33 and 0.

Fig. 4.11(a) shows shear modulus calculated based on different potential contribu-

tions (pair, bond and angle) separately. The G′
angle and G′

bond is nearly independent to

frequency ω, but the G′
pair is increasing with frequency ω increasing.

We also demonstrate that the pair contribution to σ(t) is sensitive to how we design

the complementarity. For example, if we change the binding rules a bit, we can achieve

good control over the pair contribution to σ(t). This shows that the chemistry of DNA

hydrogels allows us to manipulate their rheology in a way that is not possible (or at

least more difficult) with conventional polymeric materials (Fig. 4.11(b)).

Fig. 4.12 presents the zero-temperature storage modulus G’(ω) results taken from

systems with number density of Y-shapes ρ = 0.28 to 2.22σ−3
LJ . All the data are

averaged from 10 independent realisations. This shows that G’ increases along with the

increase of the system density, which is not surprising because the elasticity is related

to the harmonic bonds in the system, and the more Y-shapes are present in the system,

the higher is the elasticity. We can clearly see that at fixed angular frequency ω, the

shear modulus G’ increasing roughly linearly with the density of the system. The most
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Fig. 4.12 Plot of storage modulus G′(ω) on strain amplitudes at 10% (solid lines with
star markers) and 1% (dashed lines with triangle markers) respectively. Colorscale
represents the number density of the system. The grey mask indicate the region where
1% strain simulations do not produce sinusoidal-shape stress response.

concentrated case where ρ = 2.22σ−3
LJ is basically a scale-up of the most diluted case

where ρ = 0.28σ−3
LJ . If we take a single spectrum into consideration, it is clear that

the G’ goes up as we increase the angular frequencies, but they increase more and

more slowly. In low concentration systems, the G’ reaches a plateau eventually, but

this flattening is not so obvious for high concentration systems, as the value of G’ only

stays steady at angular frequencies higher than 1 rad/τLJ. It is curious to think where

the dissipation of the system comes from as the temperature is almost switched off,

and there is supposed to be no energy lost in a pure harmonic system.

4.4 Conclusion

We have introduced a coarse-grained model for a binary DNA hydrogel system, whose

building block is a rigid double-stranded Y-shape body patchy ends. We demonstrated

that the melting behaviour of the model matches a simplified DNA thermodynamic
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theory well, in particular before percolation. We also studied the structural properties

predicted by the model at various concentration and temperature, proving that the

three dimensional structure of the system largely conforms to a uniform distribution of

dihedral angles. Last, we conducted a rheological study by applying oscillatory shear

flow to the system. The storage modulus results show the elasticity of the system

when fully connected, but due to the zero-temperature condition, all the frictional

interactions are switched off and the loss modulus is actually not reliable (so we didn’t

show). This is the limitation of the model, which we hope to resolve in the future. For

example, we could calculate the centre-of-mass stress instead of per-atom stress, and

the former should be able to screen out the intra-molecular interactions and therefore

amplify the inter-molecular interactions mainly caused by the ssDNA sticky end (which

is patchy interaction here in the simulation). The results presented so far are quite

expected (not sure good or bad), which demonstrated the validity of the model.

Furthermore, our model is computationally efficient compared to current DNA

simulation models [131–133] as we neglect the base-wise specificity and take the whole

sticky end as an interacting element with a generic, yet highly tunable. This is preferable

for predicting the structural and dynamics properties of larger scale DNA self-assembly

systems with repeating units/building blocks, which is normally very costly if the

per-nucleotide interaction is considered. The key parameters for the building blocks

(i.e. angles, bonds, geometry, etc.) can be optimized by matching with lower-level

coarse-grain simulations such as OxDNA model provide quantitative predicts for real

materials. Hence, this model can be used in the design of DNA networks with more

interesting viscoelastic properties in the future.
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Chapter 5

A numerical study on three-armed

DNA structures

We have applied three-armed DNA nano-stars to construct large-scaled DNA complexes

or hydrogels in previous chapters. As the simplest branched DNA molecule, the three-

armed DNA is relatively easy to design and understand. We know a priori that

the rigidity and configuration of the building block would affect the mechanical and

structural properties of the overall system, so a careful study on the physical behaviours

and 3D structures of individual building blocks is needed. Current experimental

techniques cannot resolve the motion of such DNA structures on base-pair level;

therefore, numerical tools emerge as the preferable optional. In this chapter, we employ

the oxDNA model - a coarse-grained DNA model originated from Oxford to study the

detailed structural behaviours of three-armed DNA building block individually. We

aim at gaining deeper physical insight on these systems and accumulate the dataset

describing their topological features, which may contribute to the refinement of the

DNA computational model at higher coarse-graining levels, and eventually facilitate

the design of functional DNA hydrogels.
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5.1 Introduction

In the last chapter, we have established a coarse-grained model on DNA hydrogels

formed by Y-shaped DNA building blocks with adhesive overhangs (i.e. ssDNA sticky

ends), with particular focus on the structural and mechanical properties of the network

system in bulk. However, the design of each individual building block is rather idealised

and the parameters are simplified. For example, we assume that the Y-shaped DNA

stays in a flat plane, which may not be the case in reality. Moreover, we did not define

the twist angle between two connected Y-shapes, which means they can twist around

the principal axis freely. This assumption can represent the case where a ‘flexible joint’

is present between the dsDNA arm and ssDNA sticky end, but may not apply for

the situations when arms are directly connected. A direct connection here means the

sticky ends are directly connected to the dsDNA arms without the inert flexible joint

in between. In this case, two complementary sticky ends forming a dsDNA will lead to

a twist angle that depend on the length of the sticky ends (normally ∼ 10 bps for a full

turn). Fig. 5.1 presents the simplified version and other possibilities for the topological

features of individual Y-shapes and two associated Y-shapes. But there are far more

possible structures than that of a single design of a Y-shape.

Though coarse-grained in the bulk model, these topological features are relevant

for capturing the physical properties of the large scale assembly. Taking the twist

angle as an example, whether it is defined matters for the randomness of the network

structure. As a demonstration, Fig. 5.3 shows three typical resulting larger-scale

structures assembled by the laser-cut plastic Y-shaped units that are connected via

yellow rubber tubes (Fig. 5.2). It has also been demonstrated in Chapter 3 that

building blocks without flexible joints form a stiffer gel comparing to the ones with

flexible linkers.
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(a)

(b)

(c)
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Fig. 5.1 Schematic illustrations of the idealised topological behaviours of the Y-shaped
DNA (left column) and the possible other situations (right column). (a) The simplified
representation of an individual Y-shape. (b) The comparison of the Y-shape in a plane
and not-in-the-plane. (c) The comparison of the Y-shape with equal angles between
neighbouring arms and unequal angles. (d) Two Y-shapes connected with a free twist
and a fixed twist angle at α.
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Fig. 5.2 Snapshot of the macroscopic Y-shaped units. The blue and white ones
represent the Y-shaped DNA with complementary sticky ends. The yellow rubber tube
represents the hybridised sticky-end connection. The connected blue and transparent
Y-shaped units show a twist angle at 90°.

Fig. 5.3 Macroscopic models of DNA hydrogels. (a) Highly-ordered 3D structure
with strictly-defined twist angle at 90°. (b) Less ordered 3D structure with the twist
angle roughly at 90°. (c) Random 3D structure with the twist angle undefined.

The topological features of an individual DNA building block rely on the design

of the ssDNAs and the specific nucleotides placed in the sequence. Therefore, a

simulation model with details down to the per-base level is preferable. Here we choose

a well-established DNA computional model, oxDNA2, to conduct such a simulation.

Modified based on the previous two generations (oxDNA1 and oxDNA1.5), the third

generation of oxDNA model (oxDNA2) has taken the sequence specificity and various

stacking interactions into consideration, resulting in a spontaneous sequence-specified

hybridization process and a double-helical structure with minor and major grooves
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presented. This level of details allows us to mimic the topological behaviour of an

individual DNA nano-star as close as possible to the reality, and gain a deeper physical

insight into the sequence-dependent effects.

In this chapter, we first introduce the three-armed DNA system and the simulation

details of oxDNA2, followed by the data analysis strategy. Then we compare the

melting curves of these three-armed systems taken from experiments and simulations

to verify the validity of the simulation model. Structural behaviour of an individual

building block is studied, mainly focusing on the planarity and angle orientation, which

play a significant role on the orderliness and rigidity of the constructed larger systems.

We also try to tune the structural and mechanical properties of the building block by

adding inert bases in the centre core, which may introduce extra flexibility for the

three correlated arms. Furthermore, we looked at the two three-armed DNA connected

through the hybridisation of the complementary sticky ends, and measured the bending

angle and the twist angle of the two Y-shapes and modified sticky ends accordingly. We

conclude that the parameters obtained from this simulation may provide the database

for further details of the physical models of DNA hydrogel systems.

5.2 Models and methods

5.2.1 The original system

We choose the Y-shaped DNA building blocks taken from the DNA hydrogel system

in Ref. [224] as the starting point, with slight modifications applied later in this

simulation. This DNA hydrogel is a binary system with only two types of Y-shaped

DNA nano-stars, whose sticky ends are complementary so that different types can bind

together via DNA hybridisation. But the dsDNA arms of all the nano-stars are formed

by the same sequences. Fig. 5.4 shows the DNA sequences of these two Y-shaped DNA

107



A numerical study on three-armed DNA structures

Fig. 5.4 Sequences and simulation snapshots for (a) T-DNA and (b) T’-DNA.
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nano-stars (called T-DNA and T’-DNA respectively), each of which is constructed by

three partially complementary single-stranded (ss) oligonucleotides (named as T1, T2,

and T3 for T-DNA and T’1, T’2, and T’3 for T’-DNA ). A single oligonucleotide is

46 bases long, with three main functional sections: (i) the main core (30 bases long)

that forms the dsDNA arms (15-bases for each arm); (ii) the sticky ends (12 bases

long) that is used for crosslinking other Y-shapes; (ii) the free joint (4 bases long) that

bridges the main core and the sticky end, providing flexibility between two building

blocks in conjunction.

5.2.2 Simulation model

We apply oxDNA 2 implemented in LAMMPS [118] to characterise basic thermody-

namics, structural and mechanical properties of T-DNA and T’-DNA systems and their

variants. In this model, a DNA strand is described as a polymer chain consisting of a

sequence of oligonucleotide beads with three interaction sites on each bead to represent

the effective interactions between the nucleotides. The potential of the model is given

in Ref. [155] as follows:

VoxDNA2 =
∑

nearest neighbours

(V ∗
backbone + V ∗

stack + V ′
exc)+

∑
other pairs

(VHB + Vcross stack + Vexc + V ∗
coax stack + V ∗

DH).

(5.1)

The first summation term on the right-hand-side considers only the interactions between

nearest neighbouring nucleotides, i.e. two adjacent beads in a chain, while the second

term represents potentials between other surrounding pairs, which are not connected

through covalent bonds. In the nearest-neighbour term, V ∗
backbone is the connectivity

potential, V ∗
stack are the favourable stacking interactions, and V ′

exc is the excluded

volume term between two consecutive nucleotides in a chain. In the second term
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Fig. 5.5 Snapshots from the equilibrated simulations displaying the fully hybridised
(a)T-DNA, (b) T’-DNA and (c) T-T’-DNA conjunction. The grey beads are repre-
senting the phosphate sites and the colourful ellipsoids representing bases following a
colour scheme that blue corresponds to A, pink to T, green to G and purple to C.
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with non-adjacent potentials, VHB and VDH stand for hydrogen bonding between the

complementary bases and the Debye-Hückel form for screened electrostatic interactions,

respectively; other terms are Vcross stack, Vexc, and V ∗
coax stack, corresponding to cross-

stacking, excluded volume and coaxial stacking between two non-nearest neighbours. In

oxDNA 2, the hydrogen bonding and stacking parameters have been modified compared

to its previous version, ensuring a closer agreement to experimental duplex melting

temperatures and molecular structures. We refer to Ref. [155, 156] for all the detailed

discussions on the potential formulas and the parameter settings applied to the model.

Using the current version of oxDNA model, we are able to investigate the salt-

dependent flexibility of single strands and DNA thermodynamics accurately. This

perfectly fits our goal of studying the sequence-related microscopic behaviours of

T-DNA and T’-DNA in salt conditions, and to capture the topological features that

might occur experimentally. Fig. 5.5 (a) - (b) present the snapshots of fully hybridized

T-DNA and T’-DNA individuals respectively, and Fig. 5.5 (c) shows the schematic of a

T-DNA and a T’-DNA connected through sticky-end hybridisation.

5.2.3 Systems with modifications

In the current T-DNA and T’-DNA systems, the centre point is tightly twisted by

three oligonucleotides, against their preferable double-helical structure. Therefore, a

kink caused by the central stress sometimes occurs in the centre core, as is shown in

Fig. 5.5(a)-(b). Here we would like to investigate how the system is affected when

additional nucleotides are added in the central core of the molecules taking T’-DNA as

an example. These nucleotides in the centre are designed to be inert, which means

they are not responsible for any hydrogen bindings. The inert bases are added in the

middle of the core segment (see Fig. 5.4) of different oligonucletides in T’-DNA (i.e.
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(a)

(b)

(c)

extra T

kink

extra T

extra T

extra T extra T

extra T

Fig. 5.6 Simulation snapshots of the molecules with inert bases added in the centre core
illustrated in T’-DNA. (a) T’1T-DNA: one inert thymine base in T’ 1. (b) T’2T-DNA:
two thymine bases in T’ 1 and T’ 2 each. (b) T’3T-DNA: three thymine bases in T’ 1,
T’ 2 and T’ 3 each. Blue arrows point at the additional thymine bases. Black arrow
points at the kink structure in the twisting core.
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T ′
1, T ′

2 and T ′
3), as is shown in Fig. 5.6, and they are named as T’1T-DNA, T’2T-DNA

and T’3T-DNA.

5.2.4 Simulation details

We perform molecular dynamic (MD) simulations employing the LAMMPS implemen-

tation of oxDNA2 model [118]. All the simulations were conducted in dimensionless lj

units, i.e. all quantities are unitless, but they can be later converted into physical units

according to the relationship listed in Ref. [228]. In the following texts, all symbols with

footnote ‘LJ’ stand for simulation units. To obtain the assembled T-DNA (or T’-DNA)

structure, we first generate the input data file of three separate oligonucleotides (e.g.

T’ 1, T’ 2 and T’ 3; Fig. 5.7) using Python scripts, and then conduct the MD simulation

to equilibrate them at the temperature T = 0.1 (simulation unit). The numerical time

step was set to 0.01 τLJ, and the equilibration process runs for 5× 108 steps long to

ensure the equilibrium state is reached.

T'                          T'                           T'3                                       1                                        2  

A       T       G       C 

Fig. 5.7 Schematics of three oligonucleotides T ′
1, T ′

2 and T ′
3 before equilibration.
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To obtain the melting curves, we run the equilibration simulation at a fixed

temperature, Ti, until the fraction of denatured base pairs, Φ(Ti), does not evolve with

time after a long period. Then we generate the plot of Φ(Ti) against temperature Ti,

which is the so-called melting curve. All the data presented hereafter were averaged

from 10 independent realizations.

5.2.5 Data analysis

We take the configurations of the fully assembled Y-shaped DNA at equilibrium for

further analysis to study the geometric features of the system, with the emphasis on

the angle profile between two neighbouring dsDNA arms and the planarity of a single

Y-shape.

To acquire the angle profile, we first need to define the vector that represent each

dsDNA arm (called ‘arm vector’ in the later context). Ideally, we would like to take the

centre of mass (COM) of the whole Y-shape as the starting point of each arm vector,

and the centre of the last base-pair on each branch as the ending point correspondingly

(Fig. 5.8(a)). However, due to the fluctuation of the ssDNA overhangs and occasional

occurrence of denaturation of the central core, it is difficult to extract an unambiguous

COM as it always deviates from the geometric centre of the core with time. Therefore,

for the sake of simplicity and accuracy, we re-define the starting point of the arm vector

and choose the centre of mass of the most inner non-denatured base-pairs on each arm

instead. We call this version of COM as ‘COM3’. Note that there is always an offset

between COM3 and the COM of the Y-shape at a given time, unless the Y-shaped

structure is fully hybridised and the arms and overhangs are nicely stretched. Fig. 5.8(a)

shows the schematic of the three arm vectors (a1, a2 and a3) in one Y-shaped DNA.

To characterise the planarity of the individual Y-shape, we introduce a parameter

dp (dp ∈ [0, 1]), which is the normalised distance from COM3 to the plane defined
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Fig. 5.8 (a) Schematic representation of the arm vector ai in a single molecule. (b)
Sketch of the planarity parameter dp. dp represents the distance between COM3 and
the plane touching the ends of the arms. (c) Example of a non-planar molecule with
dp = 0.5. (d)-(f) Illustrations of planar molecules with different shapes: T-shape,
T-like-shape and Y-shape respectively. The angles between two different vectors ai:
θ1, θ2 and θ3 are also shown. They are labelled according to their magnitude, with
θ3 > θ2 > θ1.

by the ending points of a1, a2 and a3 (see Fig. 5.8(b)). When dp = 0, the Y-shaped

structure is perfectly planar. As the value of dp increases, the planarity level of the

structure is lowered accordingly, but still retains the planar features within a certain

range. In the following text, we will refer to a Y-shape structure whose dp ≤ 0.175 as

a planar system and otherwise a non-planar system. For the sake of relevance to our

work, we shall only discuss the planar systems here.

We classify the molecules into three categories by the relative orientation of their

arms, which is characterised by the angles between dsDNA arms θk (k = 1, 2, 3). The
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value of θi is computed using Eq. 5.2:

θk = cos(ai · aj), i ̸= j, (5.2)

where i, j = 1, 2, or 3. We sort θk in ascending order of the values as θ1, θ2 and θ3.

Fig. 5.8(d) - (f) illustrate three typical behaviours of the molecule with the angle

analysis performed. In Fig. 5.8(d), the structure exhibits the relative orientations with

θ3 ≈ 180°, and θ1 ≈ θ2 ≈ 90°, which we categorise as Type-I. We allow fluctuations of

the angles so θ3 ∈ [160°, 220°], while θ2 and θ1 ∈ [60°, 120°] for Type-I. The structure in

Fig. 5.8(e) presents the angular parameters that θ3 ≈ 180°, θ2 > 120° and θ1 < 60°,

which goes into the second category called Type-II. Finally, the most common structure

is Type-III, which is characterised by θ3 < 160° as is shown in fig.5.8(f).

5.3 Results and discussion

5.3.1 Melting curves

First, we measured the melting curves of T-DNA, T’-DNA and the modified T’-DNA

systems at the NaCl concentration of 200 mM taken by the simulation (Fig. 5.9(a)).

From Fig. 5.9(a), we see that there is no significant change between the melting curves

of different variants, which indicates that the melting behaviour is mainly dominated by

the hybridised base pairs only, and the energy penalty introduced by the unfavourable

twist does little influence. The computationally estimated melting transition is 45 ∼

54◦C, and the melting temperature calculated from simulation T sim
m ≈ 50◦C.

Fig. 5.9(b) presents the experimentally acquired melting curves of T’-DNA, T’1T-

DNA and T’3T-DNA at [NaCl] = 200 mM. The melting curves are merged together

showing that there is no observable difference in DNA thermodynamics due to the
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(a)

(b)

T-DNA
T'-DNA
T1T'-DNA
T2T'-DNA
T3T'-DNA

T'-DNA
T1T'-DNA
T3T'-DNA

(c)

Tem
p
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g

Fig. 5.9 (a) The melting curves (fraction of denaturated bp φ, as a function of the
temperature) obtained via BD simulations of the same molecules (averaged over 10
replicas and 105τLJ). (b) The melting curves (absorbance at 260 nm as a function of
the temperature) of T’-DNA, T’1T-DNA and T’3T-DNA obtained from experiments.
(c) Snapshots of typical configurations at T = 40, 50 and 60° respectively. The arrows
show the denaturation regions starting at the core of the molecule and at the end of
one arm.

introduction of inert bases in the middle core. Also, the experimentally acquired

melting transition is 48 ∼ 58◦C, and T exp
m ≈ 52◦C, which is quantitative close to the

simulation prediction. However, in the lower temperature region (Tm 6 48◦C), the

simulation curves are flattened down while the experimental curves are still decaying.

This might be due to the effect of the ssDNA overhangs that do not contribute to
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form the dsDNA cores, whose effect have not been considered by oxDNA2 but were

demonstrated to affect the melting transition of it [23].

The good agreement of melting curves of T-DNA, T’-DNA and its variants between

simulations and experiments successfully demonstrated the reliability of the simulation

model for the systems of our interest. Fig. 5.9(c) shows the simulation snapshots of a

Y-shaped molecule denature as the temperature increases.

5.3.2 Structural behaviors

We also studied the structural behaviour of T-DNA characterised by the planarity

and shape categories below its melting temperature Tm. Since the core-structures of

T-DNA and T’-DNA are the same, here we only take a close look at T-DNA, but the

observations can be extended to T’-DNA or its variants. Table 5.1 shows the level of

planarity and the shape categories of T-DNA while equilibrated at temperatures of

20◦C, 30◦C, 40◦C, 45◦C and 49◦C using the analysis method introduced in Sec. 5.2.5.

Note that the temperatures taken here are all below the melting temperature, to

ensure the core-structure is not fully loosen up; the arm vector is not defined for high

temperatures above Tm. Data obtained was averaged over time for one realization, and

then ensemble averaged over 10 realizations.

Table 5.1 Structural behaviours of T-DNA below Tm

Temperature [◦C] Time spent in a configuration[%]

Planar Type-I Type-II Type-III
20 83 55 25 3
30 80 54 22 4
40 77 53 20 4
45 73 53 17 3
49 70 53 14 3

In Table 5.1, at 20◦C, 83% of the T molecule is planar. When this happens, the

most frequent array is the Y-shape (55% of the time). As the temperature of the
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system increases, the fluctuations of the arms causes the T-molecule to spend less time

in a planar configurations. However, it is interesting to see that these fluctuations

do not affect the Y-shape. For example, the T molecule remains 53% of the time in

this configuration at T = 49°C. Finally, the same behaviour was observed for the T′

molecules.

The average value of the angles between arms for the Y-shape configuration at

20° C is: θ1 = 90°, θ2 = 118.5° and θ3 = 147.5°. Since the three arms are not exactly

coplanar (define strictly as dp = 0), therefore is not necessarily true that the sum of

them is 360°, in this case it is slightly larger. When the temperature of the system is

increased to 49◦C, the first two angles increase to θ1 = 92° and θ2 = 120°, while the

angle θ3 = 145° decreases.

5.3.3 Effect of middle inert bases

In Fig. 5.10, we clearly observe that < dp > changes with both temperature and the

number of inert bases in the core. < ... > stands for the time average of the value.

First, < dp > increases with the increase of temperature, indicating an increase of the

flexibility of the three-armed structure. But surprisingly, there is no clear trend for the

inert bases effect, as the planarity at high temperatures increases when only one inert

base is inserted, but all the curves are shifting-up (getting less planar) while inserting

two or three additional thymine bases in the middle. This might be explained by the

following reasons: while introducing only one extra inert nucleotide, the stress in the

centre core of the molecule is relaxed (Fig. 5.6(a)); further inserting inert nucleotide

will only add additional degrees of freedom, making the core more flexible and thus

the configurations less planar (Fig. 5.6(b)-(c)).

We also compared the planarity and the angular orientations of T’-DNA and its

variants at T = 20◦C using the method described in Sec. 5.2.5. Results are listed
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Fig. 5.10 The average distance dp as function of the temperature for the systems
T’-DNA, T’1T-DNA, T’2T-DNA and T’3T-DNA.

in Table 5.2. In planar state, the averaged angles of T’-DNA is θ1=90.5°, θ2=118.2°

and θ3=147.5°, in comparable with that of T’-DNA with one extra nucleotide, whose

angular information is θ1=90.2°, θ2=120.0° and θ3=145.5°. However, we barely see the

changes in the structural behaviours of the three-armed molecules after adding extra

inert bases.

Table 5.2 Structural behaviours of T’-DNA and its variants with additional inert
bases at the core at T = 20◦C

Molecule Time spent in a configuration[%]

Planar Type-I Type-II Type-III
T’-DNA 83 55 25 3
T’1T-DNA 83 54 23 6
T’2T-DNA 80 56 20 4
T’3T-DNA 79 57 17 5
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5.3.4 Effects of flexible joints

We studied the topological features of two fully assembled three-armed structures

connected through sticky-end hybridisation. We characterise the topological feature by

two key parameters: the bending angle α and the twist angle β (illustrated in Fig. 5.11).

Both α and β are determined by the length of the flexible joint l between the dsDNA

arm and the sticky overhang. Given a threshold lc, when l > lc, the connection is

floppy and α and β are independent of the sticky ends; when l < lc, α and β would

rely on the length and probably the bases the dsDNA hybridised by sticky ends. We

would expect that when l = 0, i.e. there is no flexible joint, α = 180° and β is strictly

dominated by the number of bases in the sticky ends’ binding.

Fig. 5.11 Schematic of two three-armed structures in connection. Red and green lines
represent the sticky overhangs from each molecule. α is the bending angle, and β is
the twist angle.

We have conducted simulations with l = 4, 3, 2, 1, and 0 inert bases by inserting

thymine base between the sticky end and the dsDNA arm. To our surprise, none of

these systems show a tendency towards the expected α = 180°, and two nicks between

the unbound backbones always introduce extra degree of freedom for this structure.
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Our simulations show (right side of Fig.5.12(a)) that in the nicks the DNA exists

in the form of equilibrium between two states: the closed state, where the system

behaves as if there is no nick, and the open state, where the nick produces a kink,

changing drastically the relative orientation of the molecules. Furthermore, we found

that the average distance between consecutive phosphates where the nicks are located,

< d1 >= 1.36 nm and < d2 >= 2.35 nm respectively, are larger than the equilibrium

backbone distance in dsDNA, which is 0.6 nm. In this sense, reducing the stacking

distance to 0.6 nm can be seen as a way to produce the structure wanted with α=180°.

Since the DNA stability depends mainly on two types of interactions, stacking

between adjacent base pairs and base-pairing, we relate the weakness of these inter-

actions in the nick to the induction of the kink in the backbone. Moreover, it is well

known that the stacking interaction is sequence dependent, which could explain why

the distance < d2 > between the bases T-T (with low stacking energy) is larger than

< d1 > between the bases A-C (with a larger stacking energy) in Fig. 5.12(a).

To test this hypothesis, we replace the appropriate bases to produce configurations

with the largest possible stacking in the nicks (G-C), the selected bases are shown in

red in the 2D-sketch of Fig. 5.12(b). This change resulted in the decreasing of both

distances to their new values, < d1 >= 1.14 nm and < d2 >= 0.52 nm, which confirms

that the stacking interaction in the nicked region is important to control the relative

orientation of the molecules, but also makes it clear that this is not the only relevant

information, since the distances although smaller are still different from each other.

In order to see if the sequence in the dsDNA arms was important to reduce the

distances previously found, we simulated the same pair of molecules as in Fig. 5.13(a)

but this time attached by the arms with the same sequence, T3 and T′
3. This is shown

in Fig. 5.13(b), for which < d1 >= 1 nm and < d2 >= 0.54 nm, a relative improvement

with respect to the previous case but not enough to achieve the alignment of the
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(a)

(b)

Fig. 5.12 (a) Illustration of original sequences of T’-DNA without flexible joints. (b)
Illustration of modified T’-DNA with extra C and G bases added at the end of dsDNA
arms. Sequences presented on the left and 3D simulation snapshots on the right. Red
beads strand for the nick of the backbones, where two bases are not covalently bound.
Assembled structures in the snapshots were equilibrated at T = 20◦C.

hybridized arms. Therefore the discrepancy in these distances could only possibly come

from the sequence in the sticky ends. We tried the case where the base-pair sequence

was exactly the same from the middle of the sticky ends to the beginning of each arm

(T3 and T′
3), we found in this case that < d1 >=< d2 >= 0.53 nm.
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(a)

(b)

Fig. 5.13 (a) Illustration of modified T’-DNA with extra C and G bases added at the
end of dsDNA arms and sticky ends (marked in red on the left figure). (b) Illustration
of modified T’-DNA with extra C and G bases added at the end of dsDNA arms and
the replacement in the sticky ends’ region. Sequences presented on the left and 3D
simulation snapshots on the right. Red beads strand for the nick of the backbones,
where two bases are not covalently bound. Assembled structures in the snapshots were
equilibrated at T = 20◦C. The purple arrows in the middle of (a) and (b) show the
section which have the same base-pair sequence in the hybridised molecules.

So far we demonstrated that the stacking interaction in the nicks and the sequence

in the sticky ends (and arms) are important in the characterization of the system. Now
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we would like to find the minimum number of base-pairs we have to replace in the

sticky ends to produce the same distance between phosphates in the nicked section.

Thus, we changed the base-pair sequence of the sticky end near to one of the nicks, to

match the sequence at the sticky end close to the other nick. We did this replacing

one base-pair at the time, until we found the sequence shown in Fig.5.13(a). More

simulations need to be been done to improve the statistics.

5.4 Conclusions

The overall aim of this chapter is to demonstrate that the coarse-grained model

of oxDNA2 can be a helpful guide in the design of a multi-armed DNA structure

by providing significant insight into its sequence-dependent topological features. In

particular, we studied the three-armed DNA building blocks that were used to construct

DNA hydrogel systems described in Chapter 3 and 4 and applied minor modifications

on these building blocks by adding inert bases in the original design. We first looked

at the individual three-armed structure, and proposed the planarity (defined by dp)

and arm orientations (θ1, θ2 and θ3) as key parameters to characterise the topological

features of the structure. By conducting the simulation, we found that the previous

assumptions of the three-armed system being ‘flat’ and dsDNA arms being equally

separated is far too ideal. Furthermore, we observed a ‘kink’ in the twisted central core,

which may be responsible for the uneven fluctuation of these three arms. Therefore,

we proposed to add inert base in the central core to release the distortion stress and

energy penalty caused by the unfavourable twist. The structural behaviours of these

modified systems were recorded and further studied. Also, the melting curves measured

by simulations are in accordance with the experimental ones, verifying the feasibility

of this model applying to the multi-valanced DNA systems.
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We also studied the layout of two three-armed DNA structures associated by

complimentary sticky ends. Due to the inert flexible joints between the functional

sticky ends and dsDNA arms, the two junctions fluctuated with time around the

connected region. We used two parameters, the bending angle α and the twist angle

β, to define the straightness and rotation of this linking system. We observed that

even for systems without a flexible joint, the bending angle α is still not equal to

180° as expected, which is mainly due to flexibility caused by the nicks between the

unconnected phosphate backbones. This inspired us to introduce DNA ligase that can

seal these open nicks in the future if needed. In addition, we found the straightness of

the connected region also depends on the sequence symmetry of the sticky ends and

the arms with the connected sticky ends. By smartly placing extra bases inside of the

sequences, one may be able to balance up the stress or strain between two building

blocks, ending up with a straightened system. Only when the connected region is

straight enough can we proceed the analysis of the twist angle β. According to the

knowledge of the base stacking, we know a priori that β is strictly dominated by the

length of the sticky ends (e.g. 10 bp leads to β = 360°), but more detailed study needs

to be conducted in the future.

Though the case we studied here is only a small portion of the multi-valanced

systems, the examining routines we have developed and observations we have obtained

can be easily extended to more complicated systems. Moreover, by extracting topo-

logical features and the key structural parameters acquired from this detailed model,

we can design and parameterise the less coarse-grained model (e.g. the one described

in Chapter 4) more precisely and accurately. We are not using the oxDNA model

for large systems directly because the calculation is too expensive as it considers too

many unnecessary details. However, this model is ideal to create a database of all the

possible topological layouts of the multi-valanced DNA structures with appropriate
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Chapter 6

Closing remarks

In this thesis we have experimentally and computationally investigated the self-

assembled DNA hydrogel systems made by DNA nano-stars, particularly focusing on

the three-armed DNA scaffolds. We have shown that the structural and mechanical

properties of DNA hydrogels can be smartly tuned by the specific sequence design of the

three-armed scaffolds, which can facilitate the future development of DNA functional

hydrogels.

We firstly presented the experimental attempts of making multi-branched DNA

complex structures by taking dendrimer-liked DNA complexes as an example. In this

exploring work, we have successfully developed a routine of designing, fabricating and

characterising the self-assembled DNA scaffolds as we want, which provides a solid

experimental platforms for understanding and assembling DNA hydrogels.

Secondly, we have fabricated DNA hydrogels self-assembled by three-armed DNA

nano-stars and investigated their mechanical properties employing diffusing wave

spectroscopy (DWS) microrheology as well as conventional bulk rheology. The DWS

microrheology results have shown a clear liquid-to-gel transition when the temperature

cycles up and down across the melting-temperature region of nano-star crosslinkers.

Moreover, a crossover between the elastic and loss moduli as a function of frequencies
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occurs around the melting temperature Tm of the sticky ends (i.e. cross linkers),

coinciding with the systems percolation transition. On the other hand, the bulk

rheology results have demonstrated that by reducing the flexibility between three-

armed building blocks’ bonds, we can go from a semiflexible transient network to a

more energy-driven hydrogels with higher elasticity while keeping the microstructure

the same. This level of understanding of the mechanical properties of such materials

can help us design the systems in turn.

Thirdly, we have established a coarse-grained model of DNA hydrogels to study the

thermodynamic, structural and elastic properties of the bulk system. This model has

successfully reproduced the thermo-reversible assembly of DNA hydrogel networks and

demonstrated the melting behaviours governed by DNA themodynamics. Furthermore,

the structural and elastic properties have been studies at various concentrations of the

networks, providing physical insights on the microscropic structure of the macroscopic

systems. The key aim of this model is to serve as the prediction of the 3D self-assembly

of DNA hydrogels.

Last, we also conducted computationally work on analysing the topological be-

haviours of individual building blocks of the DNA hydrogel system using the oxDNA

model. The sequence-dependent layouts of the individual three-armed DNA have been

investigated and modifications have been applied by inserting inert bases on the twisted

core to tune flexibility of the structure. In addition, the simulation has proved that

other than changing the length of the flexible joints, one can also alter the rigidity of the

structures of two building blocks in conjunction by playing with the sequence symmetry

of the individual building blocks and sticky ends. The crucial topological parameters

extracted from this model can be adapted to parameterise the ascribed DNA hydrogel

model. More importantly, it can create a database for developing a machine learning

algorithm to further understanding underlying physics of such network systems.
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In summary, we have mainly focused on the physical aspects of DNA scaffolds and

their assembly to DNA hydrogels in this thesis. Various projects have been carried

out to design, synthesise, and understand the system, with each project separated

but yet correlated to each other. Throughout this work, we have only discussed the

three-armed DNA scaffold in detail, because this is the simplest multi-branched DNA

structure that can form 3D networks and other systems assembled by DNA nano-stars

with 4-, 5-, and n- dsDNA arms are only extensions of this fundamental one. Hence,

the routines and conclusions can be easily adapted to various DNA hydrogels networks.

The future work of this project is to achieve highly selective and sensitive molecular

sensors using DNA hydrogels as the framework. The selectivity can be based on both

the DNA recognition and the microscopic structure of the network (e.g. pore-size,

cavity). The sensitivity might be affected by the rigidity of the framework [229]. Baring

these in mind, we first need to design such materials and test the feasibility of the

desgin using computational models. Only the designs approved by the simulation will

be passed for the experimental tests with regards to their performance as molecular

sensors, which could incredibly reduce the experimental costs. In this regard, a

comprehensive computational model of DNA hydrogels with datasets including vast

parameters is greatly needed. However, to my knowledge, no DNA simulation model

has currently achieved this goal, not even the models we proposed in chapter 3 and

4. Therefore, further modifications and extensions of these computational models

are required, towards characterising DNA hydrogel networks and making accurate

predictions of their selectivity and sensibility.
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Appendix A

Preparation of polyacrylamide gel

10 % polyacrylamide gel supplemented with 11 mM MgCl2 was prepared to analyse

partial and full formations of branched DNA structures (30 to 150 bases). Recipe

for preparation the gel is presented in Tab. A.1. To prepare the gel, one should

first mix up 30 % acrylamide/bis-acrylamide (Sigma-Aldrich®), 10× TBE buffer

(Sigma-Aldrich®), 0.5 M MgCl2 solution and double-distilled H2O (written as ddH2O).

Next, add TEMD (N,N,N,N- Tetramethylethylenediamine, Sigma-Aldrich®) and 10%

ammounium persulfate (APS, Sigma-Aldrich®) in sequence and gentle vortex the

mixture. The mixture solution is set for about 20 minutes to allow the polymerisation

reaction’s happening.

Table A.1 Recipe for preparation of 10 % polyacrylamide separating gel

Solution Volume
Acrylamide/Bis-acrylamide, 30 % 5 mL

TBE buffer, 10× 750 µL
MgCl2, 0.5 M 330 µL

ddH2O 8.92 mL
TEMD 5 µL

Ammonium persulfate, 10 % 150 µL
Final volume 15.16 mL
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Preparation of polyacrylamide gel

After setting up the gel, roughly 12 µL sample stained by DNA dye (Gel Loading

Dye, Purple (6x), New England Biolab®) is loaded in each gel well, with the total

molecular weight of DNA aiming at 200 ∼ 300 Da per well. 0.5× TBE buffer containing

11 mM MgCl2 is prepared as running buffer. MgCl2 added in both the gel and the

running buffer is for stablising DNA hybridization while the samples migrating through

the gel matrix.
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Appendix B

DWS measurements with 230nm PS

beads

B.0.1 Cooling and heating ramps

We also conducted the DWS measurements using 230 nm PS particles as probe beads,

following the same routine as the 600 nm ones. The sample was 1.4 - 2 v/v % Y-shaped

DNA containing 1 v/v % concentration of the colloids. Cooling down and measurements

were taken starting from 50 ◦C to 17 ◦C at an interval of 1 ◦C. The decay time increases

as the temperature goes up.

The ICF data for the cooling-down and heating-up ramps are shown in Fig. B.1A,

and they are in good agreement with each other, indicating the thermal reversibility of

the DNA hydrogen bonds between sticky ends.

MSD results converted from the the intensity correlation functions are shown in

Fig. B.1B. Top and bottom figures that present the temperature-evolvement of MSD

at cooling and heating ramps respectively show a similar trend, illustrating litter

hysteresis. At high temperatures (read lines), the MSD curves are linear over the whole

lag time region, confirming the ⟨∆r(t)2 ∝ τ⟩ relation in a fluid. At low temperatures,
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DWS measurements with 230nm PS beads
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Fig. B.1 (A) The temperature-dependent intensity-correlation function (ICF) data
measured from the described DNA hydrogel sample containing 1 v/v % of 230 nm
sterically stablised polysterene particles. Top The cooling ramp for the temperature
ranging from 50 ◦C to 17 ◦C (from the red lines to the blue lines), and bottom the
corresponding heating ramp . (B) Mean-square displacements (MSD) extracted from
the ICF curves. The dashed lines are the theoretical MSD curves for the tracer particles
at room temperature in pure buffer solution, shown as reference. The gray regions in
the plots indicate the melting-temperature transition region.

the MSD curves are linear at short lag times, but gradually reach a plateau on long

time scales. This means the trace particles are diffusing thermally on short time

scales, but confined on long time scales, which illustrates the formation of a network of

surrounding environment.

The rheological moduli results, elastic modulus G’(ω) and viscous modulus G”(ω),

are shown in Fig. B.2 . The results in cooling ramp (Fig. B.2 A and B) are in good

agreement with that in the heating ramp, suggesting that little hysteresis and ageing

effects are involved. The elastic modulus, G’(ω), obtained from the cooling and heating

ramps shows a significant variation as the temperature changes over the melting-

temperature transition, while the viscous modulus, G”(ω), retains the same trend over

the same temperature range. The results for 230 nm tracer particles correspond to the

ones for 600 nm trace particles shown in the main text, showing that it is independent
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from the size of the tracer particles. The surface functions of the trace particles are

also different, suggesting that we have successfully selected the particles whose surface

functional group does not interact with DNA.
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Fig. B.2 Temperature-evolution of the complex moduli G′(ω) and G′′(ω) as a function
of frequency extracted from the MSDs in Fig. B.1. (A) The elastic moduli G′(ω)
measured in cooling and heating ramps. At temperatures above Tm2, G′ drops down at
a frequency below 102 ∼ 104rad/s, showing close-to-zero elasticity; below Tm2, only th
e onset of the decay in the ICF could be monitored. (B) The viscous modulus G′′(ω)
in cooling (top) ramp. (C) Comparison of G′(ω) and G′′(ω) at temperatures of 18 ◦C,
38 ◦C, and 48 ◦C, representing typical behavior at temperatures below, around, and
above Tm. At 18 ◦C, G′′ is higher than G′ at frequencies below the crossover frequency
∼ 104 rad/s; at 38 ◦C, G′ and G′′ are overlapping over almost the entire frequency
range; at 48 ◦C, G′′ is higher than G′ over the whole measurable frequency range,
showing no crossover point at all.

B.0.2 Time evolution DWS measurements

To ensure the DNA hydrogel sample stays at its equilibrium state during the DWS

measurements duration, we performed a series of time evolution experiments for the

sample at the time sequences up to 25 minutes after loading, at temperatures ranging

from below to above the melting-transition region. All measurements were performed

on the DNA hydrogel sample at the T-DNA/T’-DNA concentration of 500 µM with 1

v/v % 230 nm sterically stablised polystyrene particles. Intensity correlation functions
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DWS measurements with 230nm PS beads

(ICF) on various temperatures were obtained after 1, 3 , 5 , 7 , 10 , 15 and 25 minutes

waiting time respectively after bringing the sample to a given temperature (Fig. B.3).

Fig. B.4 shows the half-decay times extracted from the ICF results, showing the changes

with temperature. Each data point was averaged over seven measurements at different

times, and the error bar represents the statistic error. Results shows that the aging

effect is minor compared to the temperature effect.

B.0.3 Microrheology: data analysis

Data analysis is performed via custom routines written in MATLAB (R2016b). The raw

autocorrelation curves obtained by DWS measurements are fitted to a multiexponential

function of the form:

g1(τ) =
∑
i

aie
−Γiτ (B.1)

The form of the fit is motivated by the fact that the autocorrelation function g1(τ)

for the detector geometry adopted is nearly exponential and is thus expected to be

well represented by the chosen functional form [105]. The parameters ai and Γi are

obtained via the well known CONTIN method [230]. The mean square displacement

(MSD) ⟨∆r2(τ)⟩ is obtained from the fitted autocorrelation curves by inverting the

following equation [105] and solving for x:

g1(τ) =

L/l∗+4/3
a∗+2/3

sinh (a∗x) + 2/3x cosh (a∗x)

(1 + 4/9x2) sinh (L/l∗ x) + 4/3x cosh (L/l∗ x)
(B.2)

where x =
√

q20⟨∆r2(τ)⟩, a∗ = z0/l
∗, z0 is the distance into the sample from the

incident surface to the place where the diffuse source is located (calibration parameters

outputted from the DWS setup), q0 = 2πns/λ is the photon wave vector in the solvent,

λ is the laser wavelength, ns is the index of refraction of the solvent and L is the

cuvette thickness.
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Fig. B.3 Aging effects at different temperatures. All figures are obtained from the
DNA hydrogel sample with a DNA concentration of 500 µM using 230 nm sterically
stablised polystyrene particles. The intensity correlation functions (ICF) were measured
1, 3, 5, 7, 10, 15 and 25 minutes directly after placing the sample into the cell.
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DWS measurements with 230nm PS beads
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Fig. B.4 Half-decayed time point extracted from ICF results against temperature.
The transition region is marked in blue region. The region on the left is the gel state
and on the right is the liquid state.

The MSD curves are converted into the complex modulus G∗(ω) by direct conversion

following the approach by Evans and expanded by Tassieri [231].
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Appendix C

Re-scaled temperature for melting

curves

We can manipulate the pair interactions by changing the potential depth between

attractive pairs. Fig. C.1A shows the melting curves at ϵpair = 2, 4 and 6 ϵLJ with other

parameters retain the same as in the main text (simulation taken in a ρ = 1.39σ−3
LJ

system). We can clearly see the curve shifting rightwards as the potential depth

decreasing. If we rescale the simulation temperature T to the rescaled temperature T ∗

following the equation below

T ∗ = T/ϵpair, (C.1)

we can easily obtain a merge of the curves shown in Fig. C.1. Though there is a small

gap between the rescaled melting curve, it may be due to the other potentials involved

in the overall rescaling process.
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Re-scaled temperature for melting curves

Fig. C.1 The melting curves varied on ϵ = 2, 4, and 6 ϵLJ. A. Degree of association
θ against the unitless temperature T . The values of the temperatures were taken from
the simulations directly. The figure embedded on right-top corner plots all the pair
potentials involved. The solid lines are the working part, while the dashed lines stand
for the truncated parts. The purple and green curves stand for WCA potentials of
A-B patches and standard beads respectively. B. Degree of association θ against the
rescaled temperature T ∗. Simulations were taken on a system of ρ = 1.39σ−3

LJ at a
cubic simulation box at the length of 30 σLJ.
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Appendix D

Calculating characteristic distances of

basic configurations

Fig. D.1 Simplified geometrical sketch of four connected Y-shaped units.

Here we introduce the calculations for r1, r2 and r3. Fig. D.1 presents the geometrical

relation between central points of four Y-shaped units (marked as A1, A2, A3 and A4).
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Calculating characteristic distances of basic configurations

As mentioned in Section IV, r1 is twice length as l shown in Eq. D.1

r1 = 2× l (D.1)

where l = 2.48σLJ is the arm length of Y-shaped units, estimated according to

parameter setting in Section II. Therefore, r1 ≈ 4.96σLJ. Applying laws of cosines to

the triangles marked in stripe and dots in Fig. D.1, we can acquire r2 and r3 using

r2 =
√

r21 + r21 − 2× r1 × r1 cos(ϕ1) (D.2)

r3 =
√

r21 + r22 − 2× r1 × r2 cos(ϕ2). (D.3)

We know that ϕ1 is 120◦, but ϕ2 is unknown because it depends on the rotation of

smaller cone sketched in Fig. D.1. However, we can obtain the range of ϕ2 as the

minimum (Eq. D.4) and maximum (Eq. D.5) values as 90◦ and 150◦ respectively.

ϕmin
2 = ∠A2A3A4 − ∠A1A3A2 = 120◦ − 30◦ = 90◦. (D.4)

ϕmax
2 = ∠A2A3A4 + ∠A1A3A2 = 120◦ + 30◦ = 150◦. (D.5)

So we can estimate from Eqn. D.2 to D.5 that r2 ≈ 8.59σLJ and r3 ranges between

9.92 ∼ 13.12σLJ (marked in Fig. 4.7(a) and (b)). By assuming that ϕ2 is uniformly

distributed between ϕmin
2 = 90◦ and ϕmax

2 = 150◦ (Eq. D.6),

f(ϕ2) =


3/π, if 90◦ ≤ ϕ2 ≤ 150◦

0, otherwise
(D.6)
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we can calculate the expectation of r3 as follows:

⟨r3⟩ =
∫ π

0

ϕ2 f(ϕ2) dϕ2

=

∫ 5π/6

π/2

2 r1

√
1−

√
3

2
cosϕ2 dϕ2

(D.7)

Therefore, we estimate from Eq. D.7 that ⟨r3⟩ ≈ 2.37 r1 ≈ 11.76 σLJ.
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Appendix E

Pre-testing results in linear elasticity

simulation

E.1 Determining the linear region

We perform xy-direction shear deformation at constant shear rate to determine the

linear region of the system. Fig. E.1 shows the shear stress responses σxy against the

shear strain γ at various shear rates γ̇. In the oscillatory shear, we choose the strain

amplitude γ0 within the region where the stress and rate retains linear relationship.

E.2 Integration errors

We tested the integration errors while applying oscillatory shear at various time step

interval δt and period Tp (Fig. E.2). The integration error is evaluated by the amplitude

of the output stress σ0. There is a threshold, below which the output stress amplitude

σ0 stays the same; otherwise it drops down as time interval increases. This effect is

more obvious for short period, i.e. high frequency, so special care needs to be taken in

the simulations.
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Pre-testing results in linear elasticity simulation

Fig. E.1 Shear stress against shear strain ranging from 0 to 100% at various shear
rates.

Fig. E.2 Stress amplitude against time step interval δt at various shearing periods
(i.e. shear frequency).
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