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Abstract

This thesis delves into the intricacies of DNA Templated Synthesis (DTS) and investigates the
self-assembly of octahedral patchy colloids in computer simulations. A common theme for
both strands of research is DNA, which can be used to functionalise the patches to encode a
hierarchy of interactions that could as well be specific for programming distinct self-assembly
pathways. Our experimental study reveals and measures how a unique protective effect present
in DTS can shield a labile thioester-TAMRA from hydrolysis. We show that protection is
enhanced when the abasic site is located across the minor groove, specifically the -3 position.
It is proven that this protective effect occurs via the interaction of the TAMRA moiety with
an abasic site, with variations in the degree of protection according to the relative position
of the abasic site to that of the TAMRA linker. This protective effect was discovered and
measured in the hopes that it could enhance the synthesis of long-chain polymers via DTS. This
experimental chapter is complemented by the following molecular dynamics study concerned
with modelling this unique effect.
The study employs models of the short-TAMRA linker at abasic sites +3 and -3, with TAMRA
represented either as the lactone or zwitterion resonance form at neutral or physiological
salt concentrations. Neutral salt concentration conditions involve sufficient sodium ions to
neutralise the negative charge of the DNA phosphate backbone. In contrast, physiological salt
concentration not only neutralises this charge but also includes additional sodium and chloride
ions in equal proportions to mimic physiological conditions.
We hypothesise, based on both experimental and computational studies, that the protective
effect necessitates physiological salt concentration and initially requires the lactone resonance
form for insertion.
This dual approach of experimental and computational research provided a detailed understand-
ing of how the protection mechanism is manifested. The study of self-assembly of octahedral
patchy colloids explores how different self-assembly pathways can be programmed to yield
simple cubic crystals and whether the quality of the crystals self-assembled differs in those
cases. To this end, the four patches on a plane are distinguished from the remaining two
across the plane, the former referred to as equatorial patches (labelled E) and the latter axial
patches (labelled A), in terms of the strength of interactions between the patches within
a given type. Different scenarios are considered in computer simulations: equatorial-bias
(E-E interaction strengths 5 times stronger than A-A interaction strengths) and axial-bias
(A-A interaction strengths 5 times stronger than E-E interaction strengths, with and without
interactions between different types of patches, along with the control scenario (no distinction
between patch-patch interactions). We show marginally better-quality crystals are produced
via equatorial biasing with no (E-A interaction), with the control scenario of no biasing being
a close second and characterisations of the crystallisation pathways in the different scenar-
ios. Our findings suggest that uniform growth of the largest crystalline cluster in all three
dimensions favours the formation of good-quality simple cubic crystals. This study elucidates
key parameters influencing the self-assembly of simple cubic crystals from octahedral patchy
colloids. This thesis not only advances knowledge of DTS and colloidal self-assembly but
sets the stage for future explorations, developing these phenomena for material and drug
development.
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CHAPTER1
Introduction

1.1 | The Structure and Composition of DNA

Deoxyribonucleic acid (DNA) is a fundamental biomolecule present in all living organisms,

serving as the genetic blueprint for life.1 Its structure allows for replication, modification,

and storage of genetic information.2 Ribose nucleic acid (RNA) allows for the translation of

the genetic code into proteins. The nucleic acid’s ability (DNA and RNA) to instruct the

ribosomes in protein synthesis stems from its sequence of nucleobases. Both sets of nucleic

acids host adenine, cytosine, and guanine; however, DNA has thymine, whereas RNA hosts

uracil. These nucleobases, two pyrimidines and two purines, pair specifically (adenine with

thymine/uracil, and cytosine with guanine) following Watson-Crick base pairing rules (Figure

1.1).3 The sequence of these bases dictates the sequence of amino acids in proteins, with every

three nucleobases encoding a specific amino acid.4

Both nucleic acids are comprised of a phosphate backbone, ribose sugar, and nucleobase, the

difference stemming from the identity of one nucleobase and the identity of the ribose sugar.

RNA is comprised of ribose, whereas DNA is comprised of deoxyribose. This difference in

ribose structure transpires to a differences in structure and reactivity: the presence of the

2’-hydroxy group in ribose makes RNA more chemically reactive and less stable than DNA.

This hydroxyl group makes RNA more prone to hydrolysis, especially in alkaline conditions,

as it facilitates the cleavage of phosphodiester bonds.5 the presence of the 2’-hydroxyl group

allows RNA to adopt a variety of secondary and tertiary structures. These structures, including

hairpin loops and pseudoknots, are essential for RNA’s diverse functions, such as acting in

catalysis (e.g., ribozymes) and facilitating gene expression and regulation.6

The central dogma of molecular biology explains the flow of genetic information within cells:

DNA is first transcribed into RNA, and then the RNA is translated into proteins. This process

is fundamental for gene expression, ensuring that the genetic code stored in DNA is accurately

conveyed to produce functional proteins, which carry out vital roles in the cell. .7
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The geometric aspects of DNA and RNA are also crucial for their function. DNA typically forms

a double helix with two antiparallel strands, meaning the strands run in opposite directions.

This antiparallel arrangement is essential for the replication and stability of the DNA molecule.8

In contrast, RNA can form various secondary structures, including hairpins and loops, due to

intramolecular base pairing.9

The duplex structure of DNA is stabilised by hydrogen bonds between the nucleobases and

by base-stacking interactions. The antiparallel nature of the DNA strands allows for the

complementary base pairing necessary for the double helix structure. RNA duplexes, although

less common, also exhibit antiparallel strands and are stabilised similarly, though they are

typically shorter and less stable than DNA duplexes.10

Understanding these structural and functional nuances is essential for discussing the results

appropriately, as they highlight the importance of nucleotide sequence and structure in genetic

information processing and stability.
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Fig. 1.1. Skeletal diagram of DNA and RNA displaying each respective nucleobase. a) is the
schematic representation of DNA with each constituent component: sugar, phosphate and
base, with each various base represented underneath. b) exhibits the schematic representation
of RNA with each base displayed underneath. c) displays Watson-Crick hydrogen bonding
between the bases of DNA and shows the cartoon representation of the duplex used throughout
the thesis.
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1.2 | Nature’s Utilisation of DNA for Synthesis (Ribo-

some)

Nature’s synthesis of proteins is a remarkable methodology that is programmable, autonomous,

and sequence-specific, and it harbours the capability for molecular evolution.11,12 To construct

a long-chain molecule utilising this methodology necessitates the ability to store, read, and

implement synthetic instructions sequentially.13 This implies that reacting monomers must

bear a DNA sequence that is coherent with the synthesis instructions.

The synthesis program unfolds through intricate steps of transcription and translation.13–16

Transcription is the intricate process of converting genetic information into synthetic instructions,

whereas translation refers to the formation of the corresponding protein, abiding by these

instructions.

The genetic information is meticulously stored in a hierarchical assembly of DNA housed

within the chromosomes located in the cell nucleus.17 In eukaryotic organisms, such as plants,

animals, and fungi, chromosomes are located in the cell nucleus, whereas in prokaryotic

organisms like bacteria and archaea, the genetic material is typically found in a single, circular

chromosome located in the nucleoid region, which is not membrane-bound18,19. The specific

region of genetic information intended for transcription is demarcated by proteins—transcription

factors—that bind to specific loci on the DNA.20 These transcription factors attract RNA

polymerase to the transcription site.21

RNA polymerase navigates the upstream 5 − 3 DNA strand, transcribing the nucleotide

sequence using free nucleotides as the complementary base pairs, and subsequently, re-anneals

the strand as it traverses the DNA. On the 5 end of the transcribed RNA, a 7-methylguanosine

cap (5 G cap) is added, which protects the RNA from degradation and is involved in ribosome

binding during translation. The 3 end of the RNA is extended with a polyadenylate (poly A)

tail, which also protects the RNA and aids in the termination of transcription (Figure 1.2).21

Introns are excised, and exons are amalgamated through RNA splicing, mediated by SNURPS,

which discern the commencement and termination of the sequence slated for excision.22

Subsequently, the spliceosome degrades the introns for recycling and ligates the exons.23
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Fig. 1.2. Transcription and RNA processing: RNA polymerase synthesises a complementary
RNA strand from the DNA template, moving in the 5 to 3 direction. A 5 G cap is added to
the RNA for protection and ribosome binding. Following transcription, a polyadenylate (poly
A) tail is added to the 3 end by poly(A) polymerase, enhancing RNA stability and assisting in
termination.
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1.2.1 The Ribosome: Architect of Proteins

The ribosome is a substantial ribonucleoprotein, composed of two heterogeneous subunits: one

large and one small.16 Both subunits present two binding sites, each capable of accommodating

t-RNA molecules. The ribosome, functioning as a catalyst, orchestrates itself around the mRNA

strand, meticulously reading the sequence of nucleic acids embedded within the mRNA.24

The sequence of nucleic acids on the mRNA is read in sets of three nucleotides, known as

codons. Each codon specifies a particular amino acid, or a stop signal, in the genetic code.

For instance, the codon AUG codes for the amino acid methionine and also serves as the

start codon, signaling the beginning of translation. Other examples include UUU coding for

phenylalanine, and UGA, UAA, and UAG serving as stop codons, which signal the termination

of translation. For a comprehensive list of codons and their corresponding amino acids, refer to

the standard codon table (Figure 1.3) Every set of three nucleic acids on the mRNA template

strand forms a codon, each linked to a corresponding t-RNA molecule.25

Fig. 1.3. The codon chart illustrates how sequences of three RNA nucleotide bases determine
specific amino acids. The chart’s three outer rings represent the different possibilities for
each base in the codon. The innermost ring shows the first base (A, U, G, or C), the middle
ring represents the second base, and the outermost ring shows the third base. By following
the bases outward from the center, you can determine the corresponding amino acid or stop
signal. For instance, the codon ”AUG” codes for methionine (Met), while ”UAA” codes for a
termination signal (Ter). Figure adapted from Ref.26

The chemistry behind this precise matching begins before translation, when aminoacyl-tRNA

synthetases catalyse the attachment of each amino acid to its respective t-RNA, a process
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called aminoacylation. This reaction is powered by ATP and results in a high-energy bond

between the amino acid and the tRNA, preparing the amino acid for its role in translation.

Once charged, the tRNA delivers the amino acid to the ribosome, specifically binding at the

ribosome’s A site during elongation.27

Peptide bond formation occurs at the ribosome’s peptidyl transferase center, an RNA-based

enzymatic site within the large ribosomal subunit. During this reaction, the amino group of

the incoming amino acid attacks the carboxyl group of the growing peptide chain, forming

a new peptide bond. This process is facilitated by the ribosomal RNA (rRNA) and involves

a dehydration synthesis, releasing water and linking amino acids in the growing polypeptide

chain.28

The ribosome’s smaller subunit aligns the mRNA to facilitate the efficient reading of codon

sets,29 while the larger subunit extracts the amino acid from the t-RNA and incorporates it

into the elongating protein chain (Figure 1.4).

Fig. 1.4. Schematic representation of the translation process involved in ribosomal synthesis.
The mRNA strand encodes the chemical composition of the desired protein in a sequence of
codons which correspond to a unique a t-RNA molecule. The corresponding t-RNA molecule
hybridises to the templating m-RNA strand via the ribosome. This process repeats, placing
the t-RNA units in close proximity, consequently encouraging the acyl transfer of the proteins
to take place.
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1.2.2 Functionality of Ribosomal Sites

The ribosome accommodates three pivotal sites: the A site, the P site, and the E site.15

The journey of the amino acid commences at the A site, where the integrity of the codon

– anti-codon match is meticulously scrutinised. Upon a successful match, the amino acid

migrates to the P site, where it merges into the burgeoning protein chain through a meticulous

insertion mechanism, enabling the assimilation of the incoming monomer into the distal end of

the chain. Subsequently, the depleted t-RNA trans-locates to the E site, where it is expelled

from the ribosome, poised for recycling(Figure 1.5).

This sophisticated ribosomal method of synthesis enables the selective templating of large,

multicomponent proteins by enhancing the proximity of t-RNA molecules through strategic

binding to the mRNA strand.30,31 For the ribosome to selectively template chemistries through

this mechanism, the concentrations of the free t-RNAs within the cell must be sufficiently

attenuated to render off-template reactions highly improbable.32

This biomolecular methodology exemplifies an exceedingly efficient mechanism of sequence-

specific, programmable synthesis, tailor-made for in-vitro protein synthesis. The adaptation

of this synthesis methodology for in-vitro systems, utilising monomers divergent from amino

acids, could empower scientists to proficiently fabricate sequence-defined polymers.

Fig. 1.5. The ribosome consists of three key sites: the A site, P site, and E site. The process
begins at the A site, where the codon-anticodon pairing is verified. The amino acid then moves
to the P site, where it is incorporated into the growing protein chain. Finally, the tRNA, now
empty, moves to the E site and exits the ribosome, ready for recycling.
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DNA-Recorded Synthesis and Directed Evolution

One of the first mechanisms applied to replicate to some degree the synthetic prowess of the

ribosome was DNA-recorded synthesis.33 Using a unique DNA sequence associated with a

different molecule of interest combinatorial libraries are produced with the resulting polymer

ligated to a unique DNA duplex describing its composition.34 This technique has been utilised

in industry to describe and screen libraries of more than 109 molecules. This technique can

occur in solution35 or via the use of split pool approaches (Figure 1.6).36 The advantage of

this method is the ability to handle huge quantities of compounds simultaneously due to the

tracking and identification enabled via the DNA tag. However, this synthesis and screening

does not fully encapsulate the synthetic capabilities of the ribosome as it’s not a programmable

nor automated method of synthesis.

Fig. 1.6. Demonstrating the split-pool approach to the formation of a DNA-encoded library.
In the split step, a diverse set of chemical building blocks is attached to DNA fragments, each
uniquely tagged with a specific DNA sequence. These DNA-conjugated molecules are then
pooled together. In the subsequent repeat cycles, the pool is split again, and new building
blocks are added, each step appending unique DNA tags to the growing library. This process
is iterated multiple times, resulting in a combinatorial library of compounds, each uniquely
identifiable by its DNA sequence tag, forming the DNA-encoded library.

1.3 | DNA Routing

DNA can also be utilised as a director for specific chemical synthesis. In DNA routing, desired

functioning monomers are ligated to a unique single-strand DNA strand. This single-strand

DNA acts as a gene for this particular molecule with a bespoke sequence of nucleotides

describing characteristics, for example in the scenario of utilising amino acids, the nucleotide
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sequence can describe things such as (side chain identity, chirality, backbone length etc).37

These DNA tags are then subjected to a range of reaction stations, with each reaction station

(resin, column or bead) ligated to a particular anticodon designed to hybridise to a particular

subset of the library (Figure 1.7).38 Each of these various reaction points is associated with a

particular reaction. After each subsequent reaction, the DNA strands are washed allowing for

the addition and hybridisation to sequential reacting stations. Thereby through a process of

sequential steps of splitting, synthesis and pooling, DNA-directed synthesis is achieved. This

process enables both precise identification and control over the final product enabled by the

sequence of the DNA tag. DNA-directed synthesis therefore not only describes the product

but also dictates its reaction route. This method has been successful in routing the synthesis

of short peptides.39 However, again this process doesn’t fully capture the capability of the

ribosome, as the reactions do not occur in one reaction vessel and the polymerisation is not

completely autonomous.

Fig. 1.7. Illustration of DNA routed synthesis showing hybridisation of ssDNA genes to
complementary anticodon sequences attached to solid support.

DNA Architectures for Reaction Templating

To emulate the ribosome’s autonomous, sequence-specific, and programmable synthetic capa-

bilities, DNA can be utilised as a fundamental component. In ribosomes, t-RNA molecules host

the reacting monomers, with their sequence determined by m-RNA. To apply this mechanism

for external synthetic applications and non-amino acid chemistries, certain modifications are

necessary. One critical alteration is the substitution of RNA with DNA, thereby preventing

side reactions caused by RNA’s hydroxyl groups acting as nucleophiles.
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As previously mentioned, regarding the stability of RNA, RNA is inherently less stable than

DNA due to the presence of the 2’-hydroxyl group on the ribose sugar, which makes RNA more

prone to hydrolysis. This instability, combined with the nucleophilic nature of the hydroxyl

group, can lead to side reactions and degradation, complicating its use in synthetic applications.

Substituting RNA with DNA improves stability, as DNA lacks the 2’-hydroxyl group, making it

less reactive and more suitable for long-term and controlled synthetic processes.

RNA’s ability to act as a nucleophile is largely attributed to the presence of the 2’-hydroxyl (2’-

OH) group in its ribose sugar. This 2’-OH group can participate in nucleophilic attacks, which

are crucial for several biological processes. For instance, in self-splicing introns—specifically

group I and group II introns—the 2’-OH group initiates a nucleophilic attack on the phos-

phodiester bond within the RNA backbone, leading to the excision of the intron and ligation

of exons.40 Similarly, ribozymes such as the hammerhead ribozyme utilize the 2’-OH group

for nucleophilic attack during the cleavage of RNA molecules, resulting in the formation of a

2’,3’-cyclic phosphate and a 5’-hydroxyl terminus.41 Moreover, during RNA processing events

like tRNA splicing and rRNA maturation, the 2’-OH group acts as a nucleophile, facilitating

various cleavage and ligation reactions.42 Additionally, the nucleophilic nature of RNA’s 2’-OH

group is leveraged in laboratory settings under specific conditions to induce RNA cleavage. The

presence of divalent metal ions, such as Mg2+, can enhance this nucleophilicity by stabilizing

the transition state of the reaction.43

Furthermore, a thorough investigation into the range of chemical reactions that can be

conducted on DNA is imperative for complete control over the design of such mechanisms.

This includes exploring the conformations and geometries of DNA modified to template

reactions, as well as identifying the extent of chemical substitutions and reactions achievable

with modified DNA. A diverse array of DNA architectures that successfully template chemical

reactions has been identified, broadening the scope of potential synthetic applications (Figure

1.8).

End-of-Helix Architecture One such architecture is the end-of-helix. In this design, the

reactive groups are localised at the complementary 5’ and 3’ termini of the DNA strands.

T Architecture The T architecture hosts a modification attached via a nucleobase, as

opposed to an hydroxyl strand terminus. In this design, an advantantagous non-hybridized

overhang is exhibited, this is useful for carrying out reaction via DNA as the strand can be
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utilised to trigger more complex nucleic acid displacement reactions via toe-hold mediated

strand displacement.

Ω-Architecture Similar to the End-of-Helix architecture, the Ω-Architecture attaches reac-

tive groups to complementary 3’ and 5’ termini; however, in this architecture, a non-hybridised

loop region is included.

Minor-Groove Coupling A distinctive arrangement of reactants via templating DNA is

the minor-groove architecture. The minor-groove coupling allows both reactive groups to be

attached to either 3’ or 5’ termini, allowing for the same directionality whilst enabling a close

spatial co-localization of the reactive moieties.

Yoctoreactor Design The yoctoreactor design employs a three-way junction to template

chemical reactions through internal modification of nucleic acid strands. This junction acts as

a scaffold, organising reactants into a precise spatial arrangement necessary for reactions.

Fig. 1.8. The variety of DNA architectures successfully implemented to template chemical
reactions.

Using these designs, a myriad of chemistry reactions have been successfully facilitated using

DNA-templated chemistry. To name a few, these reactions include SN2, conjugate addition,

reductive amination, oxazolidine formation, nitro-aldol, thiol-Michael addition, native chemical

ligation, and Pd-catalyzed cross-coupling (Figure 1.9).
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Fig. 1.9. Mechanisms that have proven to function in the context of dynamic combinatorial
chemistry (DTS): The figure illustrates various chemical reaction mechanisms, including Sn2
substitution, conjugate addition, reductive amination, oxazolidine formation, nitro-Michael
addition, native chemical ligation, Pd-cross coupling, and nitro-Aldol reaction. These reactions
are integral in facilitating the dynamic transformations and assembly processes within the
framework of DTS.

DNA Templated Synthesis: Emulating Ribosomal Capabil-

ities

DNA Templated Synthesis (DTS), first pioneered by Liu and Gartner,44 is a method that closely

emulates the ribosome’s synthetic capabilities. DTS facilitates programmable, autonomous, and

sequence-specific synthesis. Utilising various chemistries and architectures found in chemically

modified DNA, DTS has been used to autonomously create long-chain polymers in a one-pot

synthesis without external interference.
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In a manner akin to DNA routing, specific nucleotide sequence subsections encode for certain

monomers, enabling both the programmability and identification of the resulting product.

The pre-defined programmed modified oligomers allow DNA strands to hybridise, forming

a planned architecture that brings modified substituents into proximity, thereby enhancing

reaction likelihood.

The specificity of Watson-Crick base pairing underpins the autonomous nature of DTS, as

modified oligomers are used in concentrations low enough to prevent non-templated reactions.

This specificity is closely related to the concept of Effective Molarity, which refers to the

effective concentration of reactive sites within a localised region. In the context of DTS, the

Effective Molarity is increased due to the proximity of complementary strands, which enhances

the likelihood of templated reactions occurring over non-templated ones. By keeping the

concentration of modified oligomers low, the system ensures that only those reactions guided

by Watson-Crick base pairing are favored, thus maintaining the specificity and efficiency of the

process (Figure 1.10).45
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Fig. 1.10. An example of DNA templated synthesis (DTS) polymerisation, demonstrates how
toehold-mediated strand displacement (TMSD) shifts the equilibrium to drive the reaction
forward. In the process, an initial adapter binds to the template, facilitating polymer assembly.
As the reaction progresses, a new adapter displaces the initial one via TMSD, enabling further
chain growth and continuation of the polymerisation reaction.

For the mechanism to progress autonomously, an energetic driving force is required, enabling the

growing polymer chain to advance and hybridise to subsequent modified oligomers. One such

way to progress the mechanism is via toe-hold-mediated stand displacement (TMSD) (Figure

1.11). TMSD drives the exchange of adapters and thus the progression of the mechanism in a

thermodynamic fashion by forming a greater number of Watson and Crick base pairs to the

target oligomer.
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Fig. 1.11. Scheme demonstrating Toe-hold-mediated-strand-displacment where a new duplex
is formed for resulting in increased base-pair interactions.

1.4 | DNA Origami

The structural versatility of DNA has enabled its applications to extend beyond biological

functions. It’s frequently employed in the realm of nanotechnology functioning as a structural

scaffold. One example of such an application is DNA origami, a process that allows the

creation of diverse nanoscale shapes and structures (Figure 1.13).46–48 DNA origami involves

folding a single-stranded DNA scaffold into specific shapes using short single-stranded ’staple’

oligonucleotides(Figure 1.12).49 This technique enables the precise arrangement of thousands

of nucleotides to form objects with nanometer-scale dimensions.

The core element of DNA origami is the Watson-Crick base pair, which provides sequence

recognition and specificity. However, the formation of double-helical DNA domains of defined

length is not solely dependent on base pairing. The stability and structure of the DNA

duplex also result from several other factors, including the chirality of the ribose sugar, which

determines the right-handed helical structure, pi-stacking interactions between adjacent bases,

which contribute to the stability and compactness of the helix, and electrostatic repulsion

between the negatively charged phosphate backbones, which is mitigated by cations in the

environment. Together, these factors ensure the correct folding and stability of the DNA

origami structures.50,51
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Fig. 1.12. This figure shows the final DNA structure formed by folding a long, single-stranded
DNA scaffold, stabilized by staple strands. Staple strands bind via Watson-Crick base pairing,
creating periodic crossovers between helices, which define the shape. The scaffold strand is
folded through these staple interactions, creating the desired nanoscale structure. Modifications
such as a 4-T loop (a loop consisting of four thymine bases that increases flexibility at specific
points in the structure) strengthen and stabilize the origami. The staples bridge multiple
helices, holding the scaffold in place and creating high-precision nanoscale shapes. Figure
adapted from Ref.52

These double-helical domains can be connected to adjacent domains by immobilised Holliday

junctions formed by antiparallel cross-overs of either the staple or scaffold strand.49

The design of DNA-origami objects is akin to creating a blueprint for a building, where the

location and shape of each ’brick’ (double-helical DNA domain) need to be specified.53,54 The
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DNA origami design process can be optimised through the use of computational software like

caDNAno and computer-aided engineering for DNA origami (CanDo), which predicts the 3D

structure of DNA origami designs.55

One of the most striking features of DNA origami is its sub-nanometer precision.56 Such

precision is indispensable in fields like nanoelectronics57 and nanorobotics,58 where exact spatial

configurations are crucial. Owing to its inherent modular precision, DNA origami has enabled

the construction of larger, more complex assemblies from DNA (Figure 1.13).59,60

The versatility of DNA scaffolds is further enhanced by their ability to be functionalised with

various molecules, including proteins61 and nanoparticles62. This functionalisation paves the

way for creating nano-devices tailored for specific applications, such as targeted drug delivery

and biosensing.63,64 Additionally, DNA origami structures can exhibit dynamic behaviours in

response to external stimuli, making them suitable for creating responsive nanomachines.65,66

Fig. 1.13. Examples of DNA origami achieved from various folding pathways:(a) square, (b)
rectangle, (c) star, (d) disk with three holes, (e) triangle with rectangular domains, and (f)
sharp triangle with trapezoidal domains. Insets show unfolding sequences with colour indicating
base-pair index (red for the 1st base, purple for the 7,000th). Middle row: Diagrams depicting
helical bending at crossovers. Bottom two rows: AFM images, with key features highlighted
(white lines for blunt-end stacking, brackets in (a) showing stretched square dimensions, and
white hairpins in (f)). All images without scale bars are 165nm × 165nm. Scale bars: (b)
1µm; (c–f) 100nm. Figure adapted from Ref.52
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1.5 | Models in Science

Computation has become indispensable to science. It’s been able to expand theoretical

understanding through simulations and data analysis (Figure 1.14). Simulations have enabled

scientists to probe the interactions of complex systems and phenomena. By implementing

simulations, scientists can gain succinct molecular insight that otherwise would be inaccessible.

By enabling scientists to create models which test hypotheses and allow visualisation of out-

of-reach phenomena our understanding of the great and small is sufficiently enhanced. From

molecular interactions in biology67,68 to galactic dynamics in astrophysics69,70 simulations and

computational techniques have expanded our understanding of the universe.

Through the embedding of computation in science, large sets of empirical data are now

ubiquitous in all areas of scientific enquiry. The implementation of models and code is therefore

paramount in providing insights into these large data sets. Software has enabled meaningful

patterns to be extracted from gargantuan datasets, providing a deeper and more accurate

understanding of the natural world.

Fig. 1.14. Simulations bridge theory and experiment: theoretical equations are parameterized
by experimental data, enabling simulations to provide solutions for theoretical predictions and
interpretations of experimental results. In turn, experiments validate theoretical models, which
then inform further experimentation.

Molecular Dynamics (MD) simulations have great relevance in molecular biology and drug

discovery.71 They can capture the behaviour of biomolecules in full atomic detail with fine

temporal resolution.72 The implementation of MD has deeply enhanced our understanding of

bio-molecular events, such as the functional mechanisms in proteins,73 the structural basis for

diseases74, and the design and optimisation of small molecules,75 peptides,76 and proteins.77
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The pioneering utilisation of MD dates back to the 1950s and modelled the dynamics of simple

gasses.78 later the use of MD expanded in the 1970s to model protein dynamics.79 These

pioneering works laid the groundwork for the development and implementation of molecular

dynamics. MD simulations are now frequently used to interpret and enhance the understanding

derived from experimental results. The use of molecular dynamics has even expanded to the

field of neuroscience, where it plays a crucial role in studying proteins critical to neuronal

signalling.80

MD simulations function by calculating the force exerted on each atom within a system. MD

uses Newton’s laws of motion to predict the trajectory and consequently positions of each atom

for a particular time-step (usually on the scale of a few femtoseconds).81 This allows for a

detailed three-dimensional representation of the system’s atomic configuration. The distinctive

advantage of MD is its ability to capture every atom’s position and motion at each time point,

and under precisely controlled conditions, this is unmatched by experimental techniques.

𝐹𝑖 = 𝑚𝑖
𝜕2𝑟𝑖

𝜕𝑡2
(1.1)

Here, 𝐹 (𝑡) is the force on an atom at time 𝑡, 𝑚 is its mass, and 𝑥(𝑡) is its position. The

force is used to determine the velocity and subsequent position of each component within a

timestep, thus revealing the system’s dynamic evolution.

Force Fields and Accuracy

MD simulations employ molecular force fields to calculate the inter-atomic forces present in

the system.82 The force-field ultimately describes the inter-atomic potential energy between

the atoms as obtained via fitted to quantum mechanical calculations and experimental mea-

surements.83 While these force fields have improved substantially, they remain approximations,

and their limitations must be considered when analysing simulation results.84 The precision of

MD simulations therefore is contingent upon the force fields used. Force fields can be further

refined via appropriate and bespoke quantum mechanical calculations.85,86

𝐸eff =
∑︁

𝐸bonds +
∑︁

𝐸angles +
∑︁

𝐸dihedrals +
∑︁

𝐸elec +
∑︁

𝐸vdw
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(1.2)

Here, 𝑈 is the potential energy, 𝑟 and 𝜃 represent bond lengths and angles, and 𝐾𝑟 and 𝐾𝜃

are force constants. Additionally, classical MD simulations do not allow for the formation or

breaking of covalent bonds. Hybrid Quantum Mechanics/Molecular Mechanics (QM/MM)

simulations are often used to study reactions involving changes to covalent bonds or light-driven

processes.

1.6 | MD ensmebles

The operation of MD can occur via different regimes. These are microcanonical (NVE ),

canonical (NVT ), or isothermal-isobaric (NPT ). The choice of which regime to use is crucial

as it defines the conditions under which the system is simulated and thus the thermodynamic

properties which are conserved.87

Regarding the microcanonical NVE the number of molecules (N), the volume (V ), and the

total energy (E ) are constant, this sort of ensemble represents an isolated system. This

ensemble is particularly useful for exploring energy-conserved systems but is less ideal for

studying equilibration due to its inability to control temperature.88

The canonical ensemble (NVT ) Ensemble is defined by a constant number of particles

(N), volume (V ), and temperature (T ). This consequently simulates a system in thermal

equilibrium with a heat bath. Energy in the NVT ensemble fluctuates according to the

Boltzmann distribution, and the partition function encompasses all possible energy levels. The

thermodynamic potential in the NVT ensemble is related to the Helmholtz free energy, this

function is minimised in equilibrium. The Helmholtz free energy accounts for both the most

likely microstate (global minimum of energy) and the increasing density of states, illustrating

the balance between energy minimisation and entropy maximisation.89 This is the appropriate

ensemble for when temperature control is essential.90

The Isothermal-Isobaric ensemble (NPT ) conserves the number of particles (N), pressure (P),

and temperature (T ). This simulation regime is therefore used with constant temperature

and pressure conditions. Differing from the NVT ensemble the partition function for the

NPT ensemble takes into account the fluctuating volume of the system. The associated

thermodynamic potential in NPT is proportional to the Gibbs free energy, with the Gibbs free

energy being defined to be at a minimum for equilibrium. The Gibbs free energy combines
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internal energy, pressure-volume work, and entropy, making the NPT ensemble particularly

suitable for simulating chemical reactions and processes that occur at constant pressure in

laboratories.91

Each ensemble serves a unique purpose in molecular dynamics simulations, allowing researchers

to explore and understand the behaviour of molecular systems under different thermodynamic

conditions. The choice of ensemble depends on the specific requirements of the simulation

and the physical properties of interest.

1.7 | Molecular Dynamics application

As molecular dynamics describes the inter and intra-molecular conformation trajectory, one

of the most intuitive applications of MD simulations is in the bio-molecular field.72,92–94 In

this context MD has provided insights beyond the average structures yielded by methods like

X-ray crystallography and cryo-EM, revealing the dynamic behaviour of biomolecule as well as

water molecules and ions which are often crucial in understanding protein function and ligand

binding.95

MD simulations are particularly valuable in determining how a bio-molecular system responds

to perturbations. This includes the effects of removing or replacing ligands,96 mutating amino

acid residues,97 and applying external forces or environmental changes.98 These simulations

offer a deeper understanding of the structural basis for various molecular events. For larger

more complex molecular systems, Coarse-grained simulations have been implemented which

abstract away finer atomic details.99 By approximating what is deemed to be unnecessary or

predictable atomistic and molecular behaviour, this computational technique has enabled the

study of larger bio-molecular assemblies over extended timescales.

The understanding of molecular events such as the interactions between drugs and DNA has

been greatly enhanced by computational modelling and molecular dynamics.100,101 Simulations

have gleaned insight into complex molecular interactions which are paramount for drug

development and the understanding of molecular biology. Through the implementation of

molecular dynamics and computation, scientists can elucidate the mode and site of binding

of a drug-DNA interaction.102 Understanding of this event can be extended to the relative

energetics of the binding process103,104 and even the hydration sphere around drug-DNA

complexes.105 The insights enable scientists to perfect a specific drug-DNA interaction which
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ultimately ensures the correct physiological response.106 This is crucial to design and ensure

the desired binding for particular drugs.

1.8 | Use of DNA in Programming Self-Assembly

DNA has demonstrated stability in a diverse range of architectures and has been successfully used

in DNA origami to create and template complex patterns. Because of its structural flexibility

and bonding specificity via Watson-Crick base pairing.107,108 Specifically, the implementation

of DNA as a structural scaffold was first demonstrated by Mirkin and coworkers, with the

assembly of gold nanocrystals using DNA-coated colloids.109 This aggregation demonstrated

temperature dependence, adding another dimension to the control of DNA-mediated assembly

processes. Alivisato demonstrated the potential for assembling gold clusters into specific

structures such as dimers and trimers, further highlighting DNA’s role in crystal engineering.107

Challenges in creating ordered structures from micron-sized DNA colloidal clusters (DNACCs)

were initially significant, as early attempts often resulted in amorphous aggregates.110 However,

a major breakthrough occurred in 2005 when Crocker et al. successfully formed crystal

structures from DNACCs, marking a significant advancement in the field.110

The use of DNA offers great versatility in designing binding configurations. For instance, DNA

duplexes can be linked by single-stranded DNA linkers that connect the overhangs of two

duplexes.110,111 The strength of these interactions, driven by DNA hybridisation, can be finely

tuned by adjusting the grafting density and the specific DNA sequences used. This ability to

control the binding interactions allows for precise assembly pathways, leading to the formation

of well-defined structures.112

DNA has also found success as a structural scaffold in colloidal molecules. Colloidal molecules

are hierarchical colloids, found by the assembly of two or more colloids, with these colloids

varying in size and composition.113 The use of DNA in this pursuit offers specific, precise and

tuneable interaction between the colloids forming the colloidal molecule.107,114

Colloidal self-assembly offers an efficient bottom-up route for creating diverse nano-structured

materials.115 Advances in synthetic techniques have enabled the creation of colloids with

anisotropic shapes and interactions, particularly through DNA-mediated binding. This tunability

in inter-particle interactions makes colloidal particles ideal for building materials with controlled

properties.116 Colloidal self-assembly is crucial for applications in areas like optical engineering,

where it’s used for creating photonic band gaps in materials117,118, and in producing colloidal
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clusters or ”molecules” that mimic molecular structures on a larger scale119 with applications in

optics.120,121 The ability to engineer these properties through colloidal self-assembly highlights

its significance in material science and technology.

The concept of bottom-up assembly using colloids is a significant area of research in material

science, particularly for creating smart, nanostructured materials. This approach involves

assembling nanometer- or micrometre-sized particles into complex secondary structures, whose

properties are highly responsive to environmental stimuli.122 This method offers several

advantages, such as the ability to control the size, shape, and arrangement of particles, leading

to materials with tunable physical and chemical properties. The colloids can be manipulated

through various interactions, including electrostatic forces, van-der-Waals forces, and DNA-

based interactions, allowing for precise control over the assembly process.116 This technique

opens up possibilities in creating advanced materials for various applications, ranging from

colour displays123 and filters124 to bio-sensors.125

Fig. 1.15. Demonstrates the synthesis of tetrahedral, DNA-functionalised colloidal particles.
Step 1 involves swelling a polystyrene microsphere cluster in styrene, followed by polymerization
to create patches.Step 2: biotin is attached to the patches. Step 3: DNA oligomers attach to
the biotin functinalised patches via biotin-streptavidin linkage. Figure adapted from ref.119.

24



1.9 | Hierarchical. Self Assembley

Hierarchical self-assembly, a critical concept in molecular and materials science, plays a pivotal

role in the formation of complex biological structures.126 This process is evident in a range of

biological systems such as collagen formation127 to the assembly of the tobacco mosaic virus128.

Hierarchical assembly is required to organise these molecular sub-units into complex structures

at the macroscopic scales.129 These natural examples inspire the laboratory construction of

mesoscopic structures with unique properties and functions.130

Using colloids, scientists have been able to implement hierarchical self-assembly to create

desirable crystals with minimal to no defects.131 Such well-structured crystals can potentially

exhibit unique physical, chemical, and optical properties, making them suitable for advanced

applications in photonics,132 drug delivery,133 and sensor technology.134 In photonics, for

example, colloidally assembled crystals can be used to create photonic bandgap materials,

which can manipulate light in novel ways, enabling the development of highly efficient optical

fibers, waveguides, and even invisibility cloaks.117 The ability to precisely control the periodicity

of the crystal lattice is key to achieving the desired photonic properties.135

In drug delivery, hierarchical self-assembly allows for the creation of nanoparticle-based carriers

that can encapsulate drugs and release them in a controlled manner. These carriers can be

engineered to respond to specific stimuli, such as pH or temperature changes, ensuring that the

drug is released at the target site, thereby increasing the therapeutic efficacy while minimizing

side effects.136,137

In sensor technology, the use of colloidally assembled crystals can lead to the development

of highly sensitive and selective sensors. For instance, crystals with specific pore sizes can

be designed to detect the presence of particular molecules or ions, making them useful for

environmental monitoring or medical diagnostics. The hierarchical assembly process allows

for the fine-tuning of these materials to achieve the desired sensitivity and selectivity.138,139

Hierarchical assembly is crucial for the controlled formation of complex bespoke material,

which opens new avenues in the design and fabrication of innovative materials.

Manipulation of the assembly of such macro-molecules has been achieved via a range of

methods. One such method involves the implementation of isotropic long-range electrostatic

repulsion and isotropic short-range attraction to control the assembly of colloidal diamond.140

Another such hierarchical assembly is implemented via anisotropic particles.141,142
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One such study implements hierarchical self-assembly via biasing patch strengths and widening

the patch angle and patch interaction distance (Figure 1.9).143 This approach works by

exploiting a hierarchy of interaction strengths between the patches on the colloidal particles.

Specifically, the study used triblock patchy particles that have two distinct attractive patches,

A and B, positioned at the poles of a charged band. By assigning different interaction

strengths to these patches (e.g., 𝜖𝐴𝐴 > 𝜖𝐴𝐵 > 𝜖𝐵𝐵), the assembly process can be staged:

stronger interactions (e.g., 𝜖𝐴𝐴) drive the formation of initial clusters (such as tetrahedra or

octahedra), while weaker interactions (e.g., 𝜖𝐵𝐵) facilitate the assembly of these clusters into

larger, ordered structures. Widening the patch angle increases the surface area available for

interaction, promoting the formation of larger and more stable clusters, while increasing the

patch interaction distance (controlled by the parameter 𝑠) allows for more flexible and diverse

assembly pathways. This careful control over patch properties enables the creation of complex,

defect-free crystal structures with high precision.

Fig. 1.16. Hierarchical assembly is directed variation in patch angle angles. Two regimes in
this study both implemented patch strengths of: 𝜖𝐴𝐴 = 5, 𝜖𝐵𝐵 = 1. Here, 𝜖𝐴𝐴 represents the
interaction strength between two A patches when they face each other, while 𝜖𝐵𝐵 represents
the interaction strength between two B patches. These values indicate the depth of the
potential well for the respective interactions, with higher values corresponding to stronger
attractive forces.
For tetrahedral clustering, patches with a shallower angle (𝛼 = 80◦, 𝛽 = 40◦ and interaction
range 𝑠 = 5) lead to a ring-like structure with tetrahedral subunits, progressing towards a
cubic diamond formation. Larger half-angle for patches and smaller interaction range

(𝛼 = 85◦, 𝛽 = 40◦, 𝑠 = 1) promotes the formation of octahedral subclusters, which assemble
into a body-centered cubic colloidal crystal. Taken with permission from Ref.143

1.10 | Monte Carlo

Aside from molecular dynamics, Monte Carlo (MC) simulations have also proven an invaluable

technique in probing molecular interactions; Monte Carlo simulations have been utilised in mod-

elling molecular self-assembly and probing the evolution of complex molecular structures.144,145

Monte Carlo simulations differ from molecular dynamics in that they employ stochastic sam-
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pling methods to explore the configurational space of a system. This is achieved through

random sampling of possible states, which allows the algorithm to navigate the potential

energy landscape effectively, identifying stable and metastable states that might be missed by

deterministic methods like molecular dynamics.146

In the context of molecular bonding, Monte Carlo operates via a statistical algorithm that

navigates through the potential energy landscape via a controlled set of biased random moves.

The algorithm is biased towards moves that lower the system’s energy, thereby favoring

transitions that lead to more stable configurations.147,148

The likelihood of each move in a Monte Carlo simulation is determined by the Boltzmann

factor, which weighs the energy change resulting from the move against the thermal energy

of the system. The Boltzmann factor is given by exp(−Δ𝐸/𝑘𝐵𝑇), where Δ𝐸 is the energy

difference between the current and proposed states, 𝑘𝐵 is the Boltzmann constant, and 𝑇

is the temperature. This factor ensures that moves which decrease the system’s energy are

always accepted, while moves that increase the energy are accepted with a probability that

decreases exponentially with Δ𝐸 . This probabilistic approach allows the system to escape local

energy minima and explore a broader range of configurations, ultimately converging towards a

global or near-global minimum.149

For example, in a study on molecular self-assemblies by Perlstein (1992), Monte Carlo sim-

ulations were used to predict the structure of one-dimensional translation aggregates. The

system started in a high-energy conformation, and random moves were proposed to adjust

the molecular orientations and positions. Each move was evaluated using the Boltzmann

factor. If the move resulted in a lower energy, it was accepted unconditionally. However, if

the energy increased, the move was accepted with a probability determined by the Boltzmann

factor. This allowed the simulation to avoid getting trapped in local minima and to explore

various conformations that could potentially lead to the global energy minimum. The outcome

was a prediction of aggregate structures that closely matched experimental observations,

demonstrating the effectiveness of the Boltzmann factor in guiding the system towards stable,

low-energy configurations.150

Monte Carlo simulations of molecular self-assembly typically start with a random distribution of

molecules in a defined system size, enclosed by periodic boundary conditions. These simulations

can be performed in different statistical ensembles, such as the NVT (constant number of

particles, volume, and temperature) or NPT (constant number of particles, pressure, and
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temperature) ensembles, which can be selected depending on the specific physical conditions

to be simulated.151,152

An example of an NVT Monte Carlo simulation is found in the study by Martsinovich and

Troisi (2010), where they modeled the self-assembly of benzenedicarboxylic acids on surfaces.

In this case, the NVT ensemble was chosen to maintain a constant number of molecules,

volume, and temperature, which is crucial for accurately simulating the self-assembly process

at a fixed temperature (Figure 1.17). The study demonstrated how different arrangements

of the benzenedicarboxylic acids on a surface could be predicted based on the competition

between intermolecular interactions and interactions with the substrate. The outcomes of these

simulations provided insights into the design of organic frameworks and surface functionalisation

techniques, showing that self-assembly can be directed by carefully tuning the interaction

parameters.151
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Fig. 1.17. (1) shows the final structures from molecular dynamics (MD) simulations, and (2)
shows results from Monte Carlo (MC) simulations, both in the NVT ensemble under identical
conditions. In each set, (a) and (b) depict dense cells (64%) with ordered and disordered
starting positions of TPA molecules, respectively. (c) and (d) show intermediate (28%) and
large cells (8%) with ordered starting positions. Figure adapted from Ref.151

In contrast, NPT Monte Carlo simulations are used when it is important to allow the system

to change its volume in response to external pressure. For instance, in the study by Ghobadi

et al. (2011), NPT Monte Carlo simulations were employed to investigate the solubility of

SO2 and CO2 in imidazolium-based ionic liquids (Figure 1.18). The use of the NPT ensemble

allowed the simulation to account for the volumetric changes that occur when gases dissolve
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in the ionic liquids under constant pressure, which is critical for accurately predicting the

solubility behavior. The results showed that the solubility of SO2 was highest in ionic liquids

with smaller anions, providing valuable insights for designing more efficient gas capture and

separation processes.153

Fig. 1.18. Convergence of Henry’s Constant for SO2 and CO2 in Imidazolium-Based Ionic
Liquids (ILs): The figure shows the convergence of the calculated Henry’s constant (H) for
SO2 and CO2 as a function of the number of insertions during Monte Carlo simulations. The
x-axis represents the number of particle insertions, and the y-axis indicates the value of Henry’s
constant (H) in bar. Henry’s constant quantifies gas solubility, and its convergence indicates a
stable calculation. The simulations use the Widom particle insertion method to estimate H, as
defined by:

𝐻 = 𝜌𝑅𝑇 exp(𝛽𝜇∞,𝑒𝑥𝑠 ),
where 𝜌 is the density of the solvent, 𝑅 is the gas constant, 𝑇 is the temperature, and 𝜇∞,𝑒𝑥𝑠

is the excess chemical potential at infinite dilution. The figure shows that as the number of
insertions increases, the Henry’s constant stabilises, confirming the accuracy of the solubility
calculations for both gases. SO2 achieves lower H values (higher solubility) compared to CO2,
particularly in ILs with higher charge density anions such as [bmim][Br] and [bmim][NO3].Figure
adapted from Ref.153
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These examples illustrate how the choice between NVT and NPT ensembles in Monte Carlo

simulations depends on the specific goals of the study. The NVT ensemble is typically used

when the focus is on understanding the structure and configuration at a fixed temperature

and volume, while the NPT ensemble is more appropriate when the study involves pressure-

dependent phenomena, such as phase transitions or solubility studies. By selecting the

appropriate ensemble, researchers can ensure that their simulations accurately reflect the

physical conditions of interest and provide reliable predictions for real-world applications.154,155

The effectiveness of Monte Carlo stems from its ability to thoroughly scan the configurational

landscapes and identify an extensive range of stable structures.156 One of the key advantages of

Monte Carlo over molecular dynamics is its ability to avoid becoming trapped in local minima

due to its random sampling nature. By allowing the system to make occasional energetically

unfavorable moves (with a probability determined by the Boltzmann factor), Monte Carlo

simulations can explore the energy landscape more broadly and efficiently. This is particularly

useful in systems where the energy landscape is rugged, with many local minima separated by

high energy barriers, such as in the self-assembly of colloidal particles or the folding of complex

molecules.157

Monte Carlo simulations are generally employed over molecular dynamics regarding the modeling

of colloidal self-assembly. In colloidal systems, the primary interest often lies in the equilibrium

structures rather than the dynamic pathways leading to these structures. Monte Carlo

simulations, with their focus on sampling equilibrium configurations, are well-suited to this

task. The stochastic nature of Monte Carlo, operating through random moves, aptly simulates

the random walks and fluctuations characteristic of colloidal particles in a solvent. Additionally,

because Monte Carlo simulations do not require the calculation of forces and their derivatives at

each step (as is required in molecular dynamics), they can be computationally less demanding.

This allows for the exploration of larger systems and longer timescales, providing insights into

the long-term behavior and stability of colloidal assemblies.158

HMonte Carlo simulations have limitations as well. One significant limitation is the lack of

explicit time evolution in these simulations. Since the method is based on random sampling

rather than integrating equations of motion, it does not provide direct information about

the kinetics of the processes being simulated. As a result, while Monte Carlo can accurately

predict the final equilibrium state of a system, it cannot describe how quickly or through what

specific pathways the system reaches that state.159 Monte Carlo simulations can struggle with

systems where long-range interactions are important, as these require careful treatment to
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avoid artifacts in the simulation results. To address this, advanced techniques such as kinetic

Monte Carlo (kMC) are sometimes employed, which can provide insights into the temporal

evolution of systems by simulating the dynamics of rare events over extended timescales.160

Monte Carlo simulations are particularly valuable in the study of colloidal self-assembly due to

their ability to model systems at equilibrium. For instance, they have been used to predict the

formation of complex crystal structures in colloidal systems by exploring different assembly

pathways and identifying the conditions that favour certain morphologies. Examples include

the assembly of patchy particles into well-defined lattices144 or the formation of micelles161

and vesicles from amphiphilic molecules.162 These simulations help in understanding the

fundamental principles governing self-assembly and guide the design of new materials with

desired properties.156

In the context of Monte Carlo simulations, it is important to note that these simulations are

inherently stochastic. They do not incorporate an explicit measure of time; instead, simulation

duration is often represented by the number of Monte Carlo cycles. Unlike molecular dynamics

simulations, the physical realism of the moves is not a prerequisite in Monte Carlo methods.

However, if restricted to physically meaningful moves, such as small particle displacements,

Monte Carlo simulations can mimic realistic dynamics akin to Brownian dynamics.158 This

approach has been successfully applied to model systems where diffusion and random motion

play a crucial role, such as in the aggregation of colloidal particles or the diffusion of molecules

within a confined space. These simulations can provide valuable information on the diffusion

coefficients, rotational diffusion, and other dynamical properties of particles in a system, despite

the lack of explicit time tracking.163

1.11 | Monte Carlo Simulations in Patchy Particle Sys-

tems

The simulation of patchy particle systems, characterized by their specific, directional interactions,

presents unique challenges and opportunities. The dynamic behavior of these systems, which

leads to diverse self-assembled structures, necessitates the development and application of

efficient simulation techniques. One of the primary methods employed in this realm is the

Monte Carlo (MC) simulation.For example, Patti et al. (2007) used lattice Monte Carlo

simulations to study the self-assembly of hybrid organic-inorganic materials (Figure 1.19).160

Their work demonstrated how different patchy particles, modeled as surfactants with head
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and tail segments, could self-assemble into ordered structures such as micelles and hexagonal

phases. The simulations revealed that the specific interactions between the organic and

inorganic components, driven by the strength and directionality of the patches, were crucial in

determining the final structure of the material. These results provided valuable insights into

the design of functional materials with controlled porosity and surface properties.

Fig. 1.19. Illustrates the self-assembled structures formed by patchy particles, representing
surfactants (H4T4) and hybrid precursors (I2). The surfactant heads (yellow), tails (red),
and the inorganic (gray) and organic (green) segments of the precursor organize into distinct
phases. The percentages (e.g., 35% H4T4 and 26% I2) indicate the volume fractions of
surfactant and inorganic precursor used in the simulation. Figure is adapted from Ref.160

In another example, Rao et al. (2020) used Monte Carlo simulations to investigate the

hierarchical self-assembly of triblock patchy particles into photonic crystals (Figure 1.20).164

By tuning the interactions between the patches, they were able to guide the particles through

a two-stage self-assembly process, first forming tetrahedral clusters, which subsequently

assembled into cubic and hexagonal tetrastack crystals. This approach allowed them to bypass

amorphous phases and metastable structures, promoting the formation of photonic crystals

with minimal defects. Their findings revealed that the cubic tetrastack structure exhibits a
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complete photonic band gap (PBG) at lower dielectric filling fractions, making it a promising

candidate for photonic applications.

Fig. 1.20. Tetrastack Crystal Structures Formed by Triblock Patchy Particles: This figure
shows the assembly of triblock patchy particles into cubic (left) and hexagonal (right) tetrastack
structures. Panel (a) illustrates a triblock particle, with two distinct patches at opposite poles
(red and blue) forming tetrahedra. Panel (b) highlights 16-particle motifs in cubic and
hexagonal polymorphs, where the arrangement of tetrahedra varies between staggered and
eclipsed configurations. Panel (c) depicts the layered nature of these crystals, consisting of
alternating kagome and triangular planes. These structural motifs are crucial in determining
the photonic properties of the tetrastack lattices, with the cubic polymorph supporting a
complete photonic band gap at lower dielectric filling fractions. Figure adapated from Ref.164

These examples underscore the versatility of Monte Carlo simulations in studying patchy

particle systems. By accurately modeling the specific, directional interactions that define these

systems, MC simulations provide a powerful tool for predicting and controlling the self-assembly

of complex materials. The insights gained from these simulations can guide experimental

efforts to synthesize new materials with tailored properties for a wide range of applications.
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Monte Carlo methods rely on statistical sampling to explore the configurational space of the

system under study. In the realm of patchy particles, this involves the selection of a particle

and proposing a new configuration. The decision to accept or reject the proposed configuration

is based on the Metropolis criterion.165:

𝑃accept = exp

(
− Δ𝑈

𝑘𝐵𝑇

)
(1.3)

where Δ𝑈 is the change in energy between the new and old configurations, 𝑇 represents a

fictitious temperature, and 𝑘𝐵 is Boltzmann’s constant.

1.11.1 Sampling Moves: Rototranslations

Properly sampling the configurational space requires the system to undergo both rotations

and translations, especially when dealing with anisotropic particles such as patchy ones.

Rototranslations, a combination of both rotational and translational moves, are among the

simplest techniques to ensure a well-balanced exploration. During a rototranslation, a particle

is selected, followed by the determination of random angular and radial displacements. The

particle undergoes these displacements, resulting in a change in energy. This energy difference,

combined with the Metropolis criterion, guides the move’s acceptance or rejection. It’s crucial

to fine-tune the maximum displacements, both radial and angular, to maintain an optimal

acceptance ratio, usually in the range of 0.2-0.4.

1.12 | Thesis Outline

This chapter laid the groundwork for a comprehensive exploration of DNA, encompassing

its structural properties and diverse applications, with a discussion on DNA in ribosomal

synthesis, highlighting its role as a programmable, autonomous, and sequence-specific method

for the synthesis of a wide range of proteins. Techniques using DNA as a tool and vehicle for

synthesis outside the body were discussed. This chapter went on to explore the capabilities

of computational techniques like molecular dynamics in modelling and understanding binding

conformations. Explaining how this insight is crucial in deciphering the complex interactions

at the molecular level. Finally, the topic of colloidal self-assembly was brought to light,

highlighting DNA’s application in such with an emphasis on hierarchical self-assembly. The

applications of Monte Carlo sampling to model such events were elaborated.
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The following chapters will further explore DNA Templated Synthesis (DTS), discussing

its limitations with experimental work attempting to improve its efficacy. Specifically, the

subsequent chapter will propose and quantify a novel protection mechanism. This mechanism

results in a conformation which shields labile components from hydrolysis. This line of inquiry

is complemented by Chapter 3, which undertakes a molecular dynamics study to understand

this unique protection mechanism, specifically what conditions and conformations enable this

to manifest.

Chapter 4 reports on a computational study of octahedral patchy colloids, where different

types of patch-patch interactions are exploited to program distinct self-assembly pathways

to yield simple cubic crystals in Monte Carlo simulations. The objective of this study was

to assess the quality of the crystals thus self-assembled and characterise the crystallisation

pathways in the different scenarios considered. The functionalisation of the patches with DNA

can encode different energetics of the interactions considered in this study.
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CHAPTER2
The Protective Effect in the Context of DTS

DNA as a scaffold for synthesis facilitates the production of sequence-defined polymers in a

programmable, autonomous, and sequence-specific manner. DTS can facilitate molecular evo-

lution, which can greatly enhance material and drug development. However, DTS occasionally

encounters truncation of polymers, arising from the hydrolysis of the labile linkers, essential for

transfer reactions. This limitation significantly restricts the efficacy of DTS in synthesising

long-chain polymers. This chapter discusses methods of sequence-specific synthesis, outlining

the efforts made to devise and assess a strategy to shield labile components from hydrolysis

within the context of DTS.

2.1 | Natures Approach to Synthesis

Nature is proficient in the design and production of a plethora of sequence-specific biomolecules.1

Nature performs this task with unparalleled accuracy and efficiency. The intricate biomolecules

produced possess a broad spectrum of properties and functions, perfected over millions of

years of evolution.2–4 Natures arsenal for the synthesis of these compounds consists of proteins,

nucleic acids, and enzymes.5,6 These biomolecules play distinct and complementary roles in

the synthesis and regulation of various compounds. Proteins, particularly those that function

as enzymes, act as catalysts, speeding up biochemical reactions that would otherwise occur

too slowly to sustain life. Enzymes are a specialized subset of proteins, designed to facilitate

specific chemical reactions with high precision, often requiring cofactors or coenzymes to

function optimally.6

Nucleic acids, including DNA and RNA, are the molecules responsible for storing and transmit-

ting genetic information. DNA serves as the blueprint for the synthesis of proteins, while RNA

translates this genetic information into functional proteins through processes like transcription
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and translation.5 Unlike proteins, nucleic acids are not directly involved in catalysis but instead

guide the assembly of amino acids into polypeptides, which then fold into functional proteins.

The key differences between these molecules lie in their functions and mechanisms of action:

proteins and enzymes directly catalyze biochemical reactions, while nucleic acids provide the

genetic instructions necessary for the synthesis of these catalysts. Together, they form a highly

integrated system where nucleic acids encode the information required to build proteins and

enzymes, which in turn carry out the chemical processes essential for life.5,6

With these synthetic tools, nature can fabricate a myriad of proteins in a sequence-specific

manner. It does this through the ribosome, catalysing the sequential anchoring of t-RNA

molecules to long templating mRNA strands.1 The sequence specificity of this process arises

from the precise nature of nucleobase hybridisation. Achieving such mastery in molecular

design has been a pursuit of science.

2.2 | Approaches to Sequence-Defined Polymer Syn-

thesis

2.2.1 Ribosomal Synthesis of Modified Amino Acids

Chemists have attempted to adapt the ribosomal synthesis methodology through the incorpora-

tion of chemically modified amino acids into the ribosome.7 However, this method is confined

to amino acids, severely limiting its versatility. Research has incorporated ’unnatural’ amino

acids in an adapted ribosomal synthesis,

Chemists have attempted to adapt the ribosomal synthesis methodology through the incorpora-

tion of chemically modified amino acids into the ribosome.7 However, this method is confined

to amino acids, severely limiting its versatility. Research has incorporated ’unnatural’ amino

acids in an adapted ribosomal synthesis; however, contrary to the claim that the modifications

are minimal, there are numerous examples where significant deviations from natural amino

acids have been achieved. For instance, unnatural amino acids (UAAs) have been synthesized

and incorporated into proteins to alter their functionality and properties drastically. UAAs such

as azides, alkynes, and other reactive groups have been successfully incorporated, allowing

for the introduction of new chemical functionalities that are not present in natural amino

acids. These UAAs have been used in various applications, including the creation of novel
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biocatalysts, drug development, and protein engineering, showcasing the vast potential beyond

minor modifications like the addition of a methyl group.8.

However, despite these advancements, the adaptation of ribosomal synthesis for UAAs remains

primarily targeted at modifying protein structures rather than creating entirely new types of

polymers. This approach is limited by the ribosome’s natural affinity for proteinogenic amino

acids and its role in translating genetic code into proteins. As a result, the range of monomer

units that can be utilized in ribosomal synthesis is restricted to those that closely resemble

natural amino acids. Additionally, the process can be low-yielding and expensive, particularly

when attempting to incorporate UAAs that significantly deviate from the structure of natural

amino acids. Consequently, the programmable synthesis of non-protein-based sequence-defined

polymers has predominantly been produced via other DNA approaches like split and pool

combinatorial approaches.9

2.2.2 Non-Templated Methodologies

Sequence-defined polymers are pivotal in diverse fields such as drug delivery systems, phar-

maceuticals, high-performance materials,10 and information storage.11 Traditionally, their

synthesis has been achieved through solid phase methods12 or reversible deactivation radical

polymerization (RDRP) and step-growth techniques.10

Sequence-specific multi-step synthesis has been traditionally a laborious task requiring multiple

purification steps. The construction of sequence-defined polymers on the nanoscale remains a

challenge for non-templated methods.13 However, various strategies of autonomous sequence-

specific multi-step synthesis have shown great promise.14,15

Orthogonal and iterative growth strategies are limited in performing only one coupling step

per reaction, often requiring protective/de-protective strategies.2 In orthogonal strategies,

specific functional groups on monomers are selectively activated to react with complementary

groups on a growing polymer chain. This requires the use of protecting groups to block

reactive sites that are not intended to participate in the reaction, which adds complexity

and necessitates additional steps to remove these groups afterward. The use of different

catalysts for each reaction step, such as transition metal catalysts or acid/base catalysts,

ensures that only the desired functional groups react, allowing for the precise incorporation of

each monomer. However, this process is often slow and can be expensive due to the need for

multiple purification steps and the careful control of reaction conditions.10
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Controlled radical polymerization techniques like reversible addition-fragmentation chain-

transfer (RAFT) polymerization are capable of incorporating multiple monomer units per

reaction setup.11 RAFT polymerization operates through a reversible chain transfer mechanism

where a chain transfer agent (typically a thiocarbonylthio compound) mediates the growth

of the polymer chain. The process involves the formation of a dormant species that can

be reactivated to continue polymer growth, allowing for controlled addition of monomer

units. This method leverages functional groups like acrylates or methacrylates, which can be

polymerized under mild conditions using radical initiators. The versatility of RAFT lies in its

ability to control molecular weight and incorporate diverse monomer units. However, achieving

sequence-specific control can be challenging due to side reactions and the need for a precise

balance between the reactivity of the monomer, the radical initiator, and the chain transfer

agent.11

In non-templated methods like step-growth polymerization, the polymer grows by the reaction

of bifunctional or multifunctional monomers that form bonds such as ester, amide, or urethane

linkages. The process often requires catalysts like tin(II) octoate for polyesters or isocyanate-

based catalysts for polyurethanes, which drive the condensation reaction between the functional

groups of the monomers. These reactions are typically carried out under conditions that promote

the removal of small molecules like water or alcohol, which can drive the polymerization towards

higher molecular weights. While these methods are effective for producing polymers with

specific properties, they generally lack the precision of sequence-defined methods and often

result in polymers with a broader distribution of chain lengths and sequences.10

Programmable synthesis, on the other hand, offers superior control over unit sequence and

dispersity. One method of programmable synthesis attempts to employ molecular machines to

template multi-component, sequence-specific polymerisations, particularly utilising rotaxane on

an axle.16 Rotaxane-based molecular machines represent a significant advancement in the field

of programmable synthesis. In this approach, a macrocycle is threaded onto a molecular axle,

and it travels along the axle, picking up and transferring specific monomers to form a polymer

chain. The sequence specificity is derived from the pre-arranged order of the monomers on

the axle. For example, in the study by Lewandowski et al., the artificial molecular machine

demonstrated the ability to synthesize a peptide in a sequence-specific manner, mimicking the

ribosome’s function but with entirely synthetic components. Despite its potential, this method

has limitations, including the relatively low yield of 30% and the lengthy reaction time of 35

hours to complete a single synthesis cycle. Furthermore, the sequence specificity is entirely
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dependent on the synthetic pre-organization of the structure, making it less versatile compared

to natural systems like the ribosome, which can read genetic information directly.16

Another approach in programmable synthesis involves DNA-templated synthesis (DTS). DTS

uses the specificity of DNA base pairing to bring reactants into close proximity, thereby

facilitating the formation of sequence-specific polymers. This method allows for the construction

of complex molecules by encoding the desired sequence into a DNA strand, which then guides

the synthesis process. DTS has the potential to create a much more chemically diverse set of

products compared to rotaxane-based systems, as it can incorporate a wide range of chemical

functionalities. However, DTS also faces challenges, such as the need for careful design to

prevent non-specific interactions and the potential limitations in the types of chemical reactions

that can be templated by DNA.17

2.3 | DNA-Templated Synthesis

DNA-templated synthesis (DTS) is a programmable, autonomous, sequence-specific method

of synthesis inspired by the ribosomal synthesis of proteins.17 DTS utilises modified DNA

strands which self-assemble to pre-designed architectures, selectively enhancing the proximity

of DNA-bound monomers.18 Low concentrations of modified oligomers are used in order to

discourage off-template polymerisations. Reaction concentrations as such are typically kept in

the micromolar to nanomolar range.19

Despite RNA being utilised via the ribosome in the translation process, DNA is preferred

for DTS. This preference stems from the presence of extra hydroxyl in RNA, which has the

capability of acting as a nucleophile, interfacing with templated reaction.20 DNA is an extremely

versatile molecule, capable of self-assembling into a variety of structures documented to host

DTS reactions.21 Its structural versatility stems from its flexible phosphate backbone and

specific hydrogen bonding.22 Each nucleotide undergoes Watson-Crick base pairing with its

complementary base pair. On its own, hydrogen bonds are relatively weak compared to the

bond enthalpies of covalent and ionic bonds; however, the cumulative effect of these bond

enthalpies can be substantial. For instance, a human chromosome typically ranges in size from

50 − 300 × 106 base pairs.23 The lengths of the modified DNA strands used in DTS, however,

are not of this scale. The lengths and sequences of DNA are meticulously chosen to enable

reaction progression via means of toehold-mediated strand displacement.17 After a modified

oligomer has transferred its attached monomer to the growing polymer chain, an exchange
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of the spent adapter is required. Toehold-mediated strand displacement operates via the

incoming strand forming a greater number of base pair interactions with the templating strand.

This increased base-pair interaction leads to a thermodynamic driving force for displacement.24

This toehold can be introduced via several ways: it could be present on the growing polymer

DNA, or could be introduced through an enzyme-mediated cleavage (Figure 2.1).25,26

Fig. 2.1. Fig. 2.1. An example of a DTS walker where toe-hold-mediated strand displacement
is enabled through enzymatic cleavage of a spent DTS adapter.42 In this mechanism, the
toe-hold is a short, single-stranded DNA sequence that initiates the displacement of a longer,
complementary strand. When the enzyme cleaves the adapter, the newly exposed toe-hold
binds to the incoming strand, facilitating the displacement of the original strand, thus driving
the walker forward.

Molecular Evolution

Unlike the molecular machine method of synthesis, DNA enables the possibility for molecular

evolution.17,27 For molecular evolution to occur, two criteria must be met. The first requires a

unique nucleotide sequence for each monomer used in the synthesis.21 The second required for

the templating DNA contains the sequence of all nucleobases corresponding to each monomer

comprising the product in a specific order.28 Fulfilling both criteria enables the identification of

the product purely by the sequence of nucleobases. For example, such a mechanism enabling

both these criteria could involve a long templating strand with discrete binding sequences of

nucleobases corresponding to monomer-carrying, t-RNA-like adapters (Figure 2.2).
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Fig. 2.2. An example of a DTS scheme hosted on a long template where the corresponding
nucleobases are colour-coded, and the transfer reaction of the corresponding monomers unveils
a DNA sequence that can be extended by a polymerase. This DNA chain extension builds a
complementary DNA strand with respect to the next reaction site, enabling the next modified
DNA adapter to join, thus allowing the reaction to progress.

Molecular evolution is directed through screening and identifying desirable characteristics via a

screening process. This process involves subjecting the resultant polymers to an appropriate

assay diagnostic for clear analysis of its efficacy concerning its desired application.29 Through

comparison of a variety of products produced through various permutations and combinations

of monomers, one can identify desirable monomer sequences with respect to its desired

application.17 After identifying the most effective strand(s) followed by permutations of

splicing, mutating and recombing the successful coding DNA strands, a directed evolution

takes place (Figure 2.3-2.4).30
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Fig. 2.3. Artificial selection of a desired compound synthesised via DNA templated synthesis.
A library of DTS instructions is translated via DTS to their complementary products. These
products are then subjected to a target selection process. The corresponding instructions of
the selected products are then amplified, mutated, and translated to generate a library of
products with more refined properties. This process iterates N times. This is a process of
artificial selection. Figure taken with permission from Ref.17.

Fig. 2.4. an analogous artificial selection cycle utilising mRNA display hosting an evolution of
peptide where the desirable peptides are isolated through a binding assay with the intended
target. Figure taken with permission from Ref.17
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2.3.1 Limitations in DTS

One notable limitation of using DTS for polymer synthesis is the decline in the efficiency

of transfer reaction between the building blocks as polymer chain length increases.19 The

reduced efficiency stems from the method of addition being one of extension as opposed to

insertion. As the chain length of the growing polymer increases the effective concentration of

the electrophile and nucleophile for the attaching monomer and growing polymer decreases,

thus decreasing reaction efficiency.

Owing to DNA’s negative phosphate backbone, 3’ & 5’ hydroxyl groups, and the hydrogen

bond-forming potential of its nucleobases, it requires a polar solvent for its dissolution. DNA

has demonstrated solubility in solutions of glycerol, ethylene glycol, formamide, methanol, and

DMSO, with a small amount of water. However, in these solvents hydrogen bonding between

the nucleobases is, to an extent, disrupted.31,32 For undisturbed duplex formation, the solvent

is not only required to screen the negative charges of the phosphate backbone but also not

disturb the Watson-Crick base pairing.33

This requirement for an aqueous solvent poses some complications in the context of DTS,

specifically hydrolysis of labile linkers.34,35 To address this issue a method of protection is

required. This method should be incorporated in a way that does not disrupt the unique

architecture of the DNA complex and has minimal to no impact concerning their hybridisation.

Intercalators

DNA interacts with various natural ligands during the cell cycle; these interactions can

modulate the function of DNA consequently altering the proteins synthesised through ribosomal

synthesis.36 These ligands can bind within the major and minor grooves or intercalate between

the bases of DNA. These interactions are mediated by van der Waals, electrostatic forces, and

hydrogen bonding.37 The primary enthalpic force governing the interactions of intercalators with

DNA is 𝜋−𝜋 stacking.36,38 Once a molecule intercalates, it’s inserted into the hydrophobic core

of the DNA duplex. This hydrophobic environment could result in protection from hydrolysis.

Perhaps the insertion of labile components into this hydrophobic core could result in protection

in the context of DTS.

However, intercalation into the hydrophobic core of the double helix could potentially protect

a hydro-sensitive component from hydrolysis. A protective mechanism like this could be

implemented into DTS to limit the truncation of hydro-sensitive building blocks.39,40
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Abasic Binders

An abasic site is a region in a DNA strand where a nucleobase is absent. The presence of

an abasic site reduces the activation energy required for the insertion of small molecules into

the duplex via the abasic site. This lowering of the activation energy also specifies the site

of insertion. This absence of a nucleobase also enables the inserting molecule to potentially

engage with hydrogen bonding to the opposing nucleobase of the abasic site of the hybridising

strand. These advantages make abasic binders an attractive option for the controlled insertion

of molecules into the DNA core. Abasic binders therefore could enable the controlled insertion

of labile components into the hydrophobic core of the DNA, shielding from hydrolysis and thus

preventing the premature truncation of polymers. The Turberfield Group has pioneered this

research, experimentally demonstrating the protection of a labile thioester at pH 11 conditions

through the incorporation of a minor groove abasic site.41 This experimental outcome has the

potential to be developed into a protection mechanism that could be utilised in the context of

DTS.

Turberfield Group’s Approach to Thioester Protection in DNA-Templated Synthesis

The research in this chapter involves investigating the stability and efficiency of acyl transfer in

a DNA-templated synthesis (DTS) system, specifically focusing on the effects of incorporating

an abasic site on one DNA strand under alkaline conditions. Thioesters readily hydrolyse at

pH 11 conditions, therefore any reduction in this rate of hydrolysis is evidence of protection.42

An experiment was set up to determine the efficacy of acyl transfer in the context of DTS

with the inclusion of an abasic site on one strand. This abasic site was varied in relative

position concerning the modified linker-thioester-TAMRA component. TAMRA was used as a

fluorescent marker to determine the relative yield of the acyl transfer. The hybridising DNA

strand therefore was host to a linker-amine and an abasic site (Figure 2.5). Both modified

DNA strands were hybridised and subjected to pH 11 conditions for 48 h, where the extent of

acyl transfer between the two strands was then determined via denaturing PAGE.41

61



Fig. 2.5. Position-dependent DTS with reactants tethered at internal DNA modifications.
a) Space-filling 3D model of the central region of the DNA duplex employed in this study,
illustrating the relative positions of the donor TAMRA thioester (T) and acceptor amine.
b) Schematic depiction of the DNA-templated acyl transfer reaction, with squares representing
nucleotides and missing squares denoting abasic sites. The overhang on the donor strand
(blue) enables strand distinction using PAGE. Polyacrylamide Gel Electrophoresis (PAGE) is a
technique used to separate DNA strands based on their size and charge. In this context, PAGE
allows for the clear differentiation between donor and acceptor strands due to the mobility
differences stemming from the overhang.
c) Structure of the abasic site complemented with amine modification. d) PAGE gels represented
using TAMRA fluorescence (top) and reaction yields progression, quantified by densitometry
(lower), for DTS reactions between the thioester and the amine at relative positions −5 ≤ 𝑛 ≤ 5,
𝑛 =−17. Control (C) lacks abasic acceptor modification. e) Chemical Structure of the ’linker’,
delineating its molecular composition and connection between the abasic site and the modifying
group. Figure adapted from ref.43.

The relative yield of DTS was determined via densitometry which compared the TAMRA

fluorescence in a denaturing polyacrylamide gel electrophoresis gel (PAGE gel) between the two

modified DNA strands (Figure 2.5). Denaturing PAGE separated the individual DNA strands

via their intrinsic electrophoretic mobility through the polyacrylamide matrix. The appearance

of these bands were detected via their TAMRA fluorescence.

This experiment revealed varying yields of DTS when the abasic amine was positioned over the

major groove. The classification of an abasic site as being in the major or minor groove is not

absolute and is only defined relative to a fixed perspective along the double helix. In DNA, the

major and minor grooves refer to the spaces between the backbones of the double helix, which

alternate depending on the perspective of observation.44 When we refer to an abasic site as

being in the ”major groove,” we mean that, from the perspective of the attached linker, the

site is positioned on the more accessible and spacious side of the helix. Conversely, when it is
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described as being in the ”minor groove,” it is situated on the narrower, less accessible side

relative to the linker.

The specific placement of the TAMRA-linker determines which groove the abasic site falls into

as it relates to the directionality of the DNA strand. In this experiment, higher DTS yields

were observed when the abasic site was positioned in the major groove relative to the linker,

as opposed to the minor. It was discovered that the protective arose when the abasic site was

positioned over the minor groove, conversely no protection arose when the abasic site was

positioned along the major groove.

Between the -2 and -5 positions, a large quantity of unreacted thioester TAMRA remained. As

this thioester TAMRA did not react with amine via acyl transfer nor degrade from hydrolysis,

some protective interaction must have manifested, shielding the thioester from both the amine

and hydrolysis.

There exists a few modes of binding in which the TAMRA moiety could engage with the duplex,

one of those being interaction with the minor groove mediated through van der Waals and

electrostatic interactions.45 The current hypothesis for why such a protective effect manifested

involves the idea that TAMRA inserts into the abasic site enthalpically driven by 𝜋 – 𝜋 stacking

interactions with neighbouring nucleobases and entropically by the release of water from the

abasic site. As for why this protective effect only arises when the abasic site is situated over

the minor groove could stem from molecules’ preference for minor groove binding.46 Perhaps

this effect lowers the activation energy barrier for insertion into the abasic site.

Interestingly, the experiment showed that the protection was higher when the abasic site was

positioned over the minor groove. The linker used in this system is predominantly an alkyl

chain, which typically provides a significant degree of flexibility.47 This flexibility should, in

theory, allow the linker to interact with the abasic site regardless of whether it is positioned in

the major or minor groove. However, the results suggest that the linker’s flexibility alone is

not the sole determining factor.

One possible explanation is that the stereochemical orientation of the linker plays a crucial

role. The enantiomeric identity of the linker—its specific three-dimensional arrangement—may

cause it to preferentially interact with sites in the groove that align with its stereochemistry.

When the abasic site is positioned in the minor groove, it may be more favorably aligned

with the linker’s stereochemical orientation, facilitating better interaction and thus providing

higher protection. Conversely, if the abasic site is in the major groove, the linker’s orientation

might prevent it from effectively interacting with the site, leading to reduced protection. This
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interaction specificity could explain the observed differences in protection levels depending

on the groove positioning of the abasic site. The supplier of the amine-DNA linker - used

to construct the DNA-thioester-TAMRA - does not know the enantiomeric identity of their

oligomer. Therefore this line of enquiry cold not be addressed in this scope of this PHD.

In-spite of this theory it’s important to underline that the minor groove is located in closer

proximity to the linker.

(Figure 2.6).

Fig. 2.6. The distance between the 4’ carbons for the synthetic linkers was measured using the
protein database (PDB) crystal structures of the DNA duplexes using computational software
by former PhD student Robert Oppenheimer.

2.3.2 Implementation of Molecular Dynamics

Throughout history, both scientific models and equations have illuminated the intricacies and

mechanisms of physics and nature.48 Our understanding of such phenomena is therefore mirrored

by the accuracy and precision of our mathematical models. A true model should accurately

describe the individual components of a system as well as their cumulative interactions.

Computation has significantly expanded and deepened our ability to model and understand the

complexities of physics and nature.49,50 In particular, computational research has facilitated

a deeper, more detailed understanding of the molecular world, where interactions occur

beyond the scope of direct visual inspection. Simulation and computation are imperative in

forming such a detailed understanding. In this chapter, molecular dynamics simulations will be

integrated with experimental techniques to comprehensively probe the DNA-TAMRA abasic

protective effect discovered by Oppenheimer.41 The combination of empirical experiments with

computational models offers a powerful approach to visualizing and quantifying nanoscopic
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phenomena, providing an atomistic understanding of molecular interactions that neither method

could achieve alone.51

Molecular dynamics was employed to elucidate the structure-activity relationship to this

selective protective effect. Molecular dynamics has been successful in probing other analogous

molecular interactions such as drug intercalation.52–55 Intercalation entails the insertion of

a small molecule in between a pair of nucleobases. As discussed in chapter two, this sort

of insertion of the TAMRA to the abasic site is hypothesised to be the cause of this unique

protective effect. With molecular dynamics, we aim to discover what conditions lead to the

insertion of the TAMRA unit into the abasic site and how this interaction may result in the

protection of the thioester. The following section explores the principles and operations of

molecular dynamics.

2.4 | Integration of Newtonian Mechanics in Molecular

Dynamics

Molecular dynamics (MD) is a robust simulation technique that elucidates the behaviour of a

multi-particle system.56–58 MD results in a trajectory of all atoms in the system over the given

time frame. The principal operation of MD is classical mechanics.59 Utilising specific potential

functions, the motion of an 𝑁-body system is iteratively derived using Newton’s second law of

motion.60

Mathematically expressed as:

𝐹𝑖 = 𝑚𝑖
𝜕2𝑟𝑖

𝜕𝑡2
(2.1)

𝐹𝑖 denotes the force exerted on the 𝑖th particle, 𝑚𝑖 represents the corresponding mass. The

second derivative of the particle position 𝑟𝑖 concerning time 𝑡 is the acceleration. This derivative

captures the motions exhibited as a response to force.

The force and consequent motion of every particle emanates from the interactions of potential

energies between them. Therefore potential energy and force are intimately intertwined,

resulting in an expression of force as:

𝐹𝑖 = −∇𝑖𝑉 (𝑟1, . . . , 𝑟𝑁 ) (2.2)
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The force vector 𝐹𝑖 acts in the opposing direction of the gradient operator ∇𝑖 concerned with

the i th particle acting on the potential energy function 𝑉 (𝑟1, . . . , 𝑟𝑁 ). The potential energy

of the system is dependent on the positions of all 𝑁 particles, represented by position vector

𝑟𝑖. This potential energy function therefore encapsulates all interactions within the system.

This expression introduces a layer of complexity, as all the individual potentials are interlinked,

resulting in a multi-body problem. Consequently, this multi-body problem creates a complex

matrix of equations. The solving of which necessitates a computational solution.61 To approach

the problem, a temporal segmentation method is applied: the finite difference method. This

operates by splitting time into finite chunks 𝛿𝑡, allowing for step-wise resolution enabling

iterative solving of the equations of motion. The forces on each particle are calculated at

each time step 𝜏 with the associated motion applied to each respective particle for every 𝛿𝑡.

This iterative mechanism operates throughout the process, recording particle behaviour in a

temporal continuum.

As the particle motion is ultimately dictated by the potential energy exerted on the particle,

the potential energy must be accurate. For an accurate description of potential, the correct

force field must be implemented.62,63 Forcefields describe the interaction between particles in

a system, through the consideration of bond stretching, angle bending, torsional potentials,

electrostatic and van der Waals potentials.63,64

2.5 | Force Field

As described, the force field delineates the interaction between nuclei which govern their

motion. Utilising the Born-Oppenheimer approximation, the motions of electrons are decoupled

from the dynamics of the nuclei. However, the electronic and nuclear wave functions both

dictate the resulting charge distribution. The parameters for these forcefields are obtained

via experimental data, theoretical insight, and high-level quantum mechanical computation.65

The two main contributors to the potential are intramolecular interactions and intermolecular

interactions.63

𝐸eff = 𝐸bonded + 𝐸non-bonded (2.3)

𝐸eff is the total potential energy, 𝐸bonded represents the energy contribution from bonded

interactions within a molecule in the system. 𝐸non-bonded: the energy contribution from

non-bonded interactions between molecules in the system.
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Bonded and non-bonded energy components can be deconstructed into a series of discrete

interactions. The bonded component comprises bond-streching, angle-bending and dihedrlas.

Non-bonded: electrostatics and van-der-walls Summing these interactions gives the total

energy of the molecule in the system:

𝐸bonded =
∑︁

𝐸bonds +
∑︁

𝐸angles +
∑︁

𝐸dihedrals (2.4)

𝐸non-bonded =
∑︁

𝐸elec +
∑︁

𝐸vdw (2.5)

𝐸eff =
∑︁

𝐸bonds +
∑︁

𝐸angles +
∑︁

𝐸dihedrals +
∑︁

𝐸elec +
∑︁

𝐸vdw (2.6)

2.6 | Bond Stretching and the Harmonic Approximation

The Bond stretching term describes the variation in energy between two atoms with respect

to bond length. To further deconstruct this relation, the Taylor expansion is employed. By

truncating the expansion at the second-order term, the harmonic approximation is obtained:66

𝐸 (𝑟) = 1

2
𝑘 (𝑟 − 𝑟0)2 (2.7)

𝑟0 denotes reference bond length, or the length at which the bond energy is minimised. 𝑟

describes the actual bond length. 𝑘: the harmonic force constant. 𝑘 can be determined by:

𝑘𝑟 =
𝑑2𝐸

𝑑𝑟2

�����
𝑟=𝑟0

(2.8)

The energy is minimised at 𝑟 = 𝑟0. As the distance between nuclei decreases past this

equilibrium bond length, the potential energy spike to the exponential. The repulsive force

stems from the repelling electron densities. An attracting force is also applied when the bond

angle exceeds its equilibrium, pulling the nuclei back to minimum potential.

Within the MD paradigm, every covalent bond remains intact. Therefore, all vibrational ampli-

tudes exhibited by the covalent bonds exist within the bounds of the harmonic approximation.

2.7 | Dihedral Angles in Molecular Modeling

The dihedral, or torsional, angle is an essential parameter for understanding molecular confor-

mation and flexibility.67 The dihedral angle describes the angle between two planes formed

via four sequentially bonded atoms, denoted as A-B-C-D. Specifically, the dihedral angle,
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represented by 𝜔, describes the angle between the plane A-B-C and the plane B-C-D. This

value can range from −180◦ to +180◦ .

2.7.1 Energy Function of Dihedral Angles

Associated energy change with respect to the dihedral angle is often characterized using a

Fourier series expansion:

𝐸 (𝜔) =
𝑁∑︁
𝑛=1

1

2
𝑉𝑛 cos(𝑛𝜔 − 𝛿𝑛) (2.9)

𝑉𝑛 quantifies the rotational barrier or force constant for dihedral rotation. 𝑛 reflects the barrier’s

periodicity, with 𝑛 = 1 and 𝑛 = 2 corresponding to single and double barriers, respectively.

Phase offset 𝛿𝑛, adjustable or zero, influences the potential energy landscape and is dictated

by molecular conformational preference.

2.7.2 Deviations in Dihedral Angles

Large deviations in dihedral angles are more common compared to bond stretching or angle

bending. This primarily is because bonds and angles are dictated by strong covalent interactions

with stiff force constants, leading to substantial energy penalties for deviations. Dihedral angles

however, are mainly governed by non-bonded interactions, such as the avoidance of steric

repulsions and the pursuit of favorable conjugation.

The precise description of dihedral potentials is crucial in molecular simulations and modeling.

Inaccuracies in representing these potentials can result in unrealistic molecular conformations

and potentially incorrect predictions of molecular behaviour.

2.8 | Electrostatic Forces in Molecular Dynamics

Electrostatic forces have a significant effect on the motion of molecules. The distribution of

electron density within a system dictates conformational change, resulting in atomic motion.

The electro-negativity of a nuclei dictates the distribution of elections; electro-negativity is

defined as an atom’s capacity to attract electrons.68 Atoms with greater electro-negativity

draw more electron density towards themselves compared to those with lower electro-negativity.

This variation in electro-negativity consequently leads to uneven electron distribution, which

results in the generation of electrostatic forces in a system.
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2.8.1 Modeling Electrostatic Interactions

To model the electrostatic interactions, point charges are assigned to each atomic site within

the molecule. With these point charges represent the partial charges derived from the atom’s

electronegativity. The corresponding interaction energy arising from the resultant charge is

described by the Colomb pontntial:69

𝐸elec =
1

4𝜋𝜀0

𝑞𝑖𝑞 𝑗

𝑟𝑖 𝑗
(2.10)

𝜀0 represents the permittivity of free space. This is a constant which relates the electric field

and electric displacement in a vacuum. 𝑞𝑖 and 𝑞 𝑗 denote atomic charges of atoms 𝑖 and 𝑗 . 𝑟𝑖 𝑗

represents the respective distance between atoms 𝑖 and 𝑗 .

2.8.2 Importance in Molecular Dynamics

Comprehensive and accurate implementation of electrostatic forces is crucial in determining the

accuracy of molecular dynamics. Electrostatic interactions are pivotal in molecular dynamics,

these forces dictate intermolecular interactions, which influence the solvation process, molecular

recognition patterns and binding affinities. Not only this, but electrostatic interactions have

major contributions to determining the stability of conformations in a molecular system.

Even the very motion of molecules: translation, rotation and vibration are directed by the

electrostatic force. Therefore, the accurate description of partial charge is imperative in

molecular dynamics.56,70

2.9 | Long-range Electrostatic Attraction in Molecular

Dynamics

A fundamental challenge in the incorporation of electrostatic interaction in molecular dynamics

stems from their long-range nature. Due to the periodic boundary conditions, long-range

electrostatic interactions have infinite range.71 To handle this phenomenon, the potential is

partitioned into long and short-ranged interactions. The short-ranged interactions can be

truncated beyond a specific cut-off (𝑟𝑐) by rendering the potential to 0 beyond such distance.

The long-ranged interactions are handled by the inclusion of the lattice vector in the coulombic

potential:
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𝑛∑︁
𝑗=𝑖+1

𝑞𝑖𝑞 𝑗

𝑟𝑖 𝑗
+ 𝑛𝐿ª®¬ (2.11)

This equation, however, converges at an exceedingly slow rate is dependent on the sequence

in which terms are evaluated.

To address this challenge, the Ewald summation technique is employed which transforms

the summation into two distinct series that converge far more rapidly.72,73 This summation

technique oppeates by addressing each point charge with a charge distribution, equal in

magnitude and opposite in sign neutralising the primary charge in real space. Secondly, the

technique counteracts the charge in reciprocal space.

A more economically viable method is the Particle-Particle-Particle-Mesh PPPM. Where,

instead of indiual point charges a grid based charge distribution is utalised. The corresponding

pointial and forces are then derived via addressing the discrete Poisson equations of this grid.74

2.10 | Van der Waals Interactions in Molecular Dynam-

ics

Another key force in molecular dynamics stems from Van der Waals interaction. The Van der

Waals interaction is comprised by several components: dispersion, repulsion and induction.

Dispersion results from correlated spontaneous distribution of two neighbouring atoms or

molecules which result in an attractive force.75 Repulsion stems from the overlapping of electron

densities resulting in a corresponding repulsive force.76 Induction occurs due to the distortion

of a neighbouring atom/molecule’s electron cloud originating from a polarity present in the

other atomic system. This distortion results in a temporary dipole consequently mirroring the

distorting atoms’ polarity causing an attractive force between the two systems.77

2.10.1 Modeling Van der Waals Interactions: The Lennard-Jones

Potential

The Lenard-Jones (LJ) model is utilised in order to represent the Van der Waals interactions

from a molecular system:78

𝑉𝐿𝐽 (𝑟) = 4𝜀𝑖 𝑗

((
𝜎𝑖 𝑗

𝑟

)12
−

(
𝜎𝑖 𝑗

𝑟

)6)
(2.12)
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𝑟 represents the distance between the centres of two interacting atoms. 𝜀𝑖 𝑗 describes the depth

of the potential well. Finally, 𝜎𝑖 𝑗 represents the distance at which the inter-atomic potential

equals zero.

The Lennard-Jones potential can accurately describe the nature of the van der Waals forces

via the 𝑟−12 term representing steep repulsion at short distances and 𝑟−6 capturing the

longer-ranged dispersion interactions.79

2.11 | Choice of Force Field in Molecular Dynamics

Simulations

With consideration of all the equations of motion stemming from parameters defined by the

force field, the choice of the force field has a great impact on the system. Considering the

intricate nature of DNA, all-atom molecular dynamics often encounter difficulties in accurately

modelling it’s behavior.80 DNA’s unique properties and complexity necessitate the use of a

specialised forceifeld.81

Specific atomistic forceifields designed for modelling nucleic acids emerged during the latter

region of the 20th century, those being AMBER and CHARM. The AMBER forcefields emerged

in the 1980s, which were consequently transformed through a series of refinements dictated

through experimental observations of small olgiomernucleotides. This led to the creation of

the parm94 parameter set.82 The simultaneous development and testing of the CHARMM

family of forcefields resulted in the birth of CHARMM27 and CHARMM36.83 All force fields

are meticulously refined and validated again experimental and high-level quantum mechanics,

ensuring their accuracy in appropriate molecular simulations.

Recent research has validated the proficiency of AMBER forcefields, specifically the BSC0OL15

and BSC1 branches which yielded consistent results with direct NMR observabeles.84 Addi-

tionally, the general AMBER Force Field (GAFF), has been extensively employed in accurately

modelling a variety of small molecules. Research incorporating the synergistic combination of

GAFF and AMBERbsc models the intercaltion into DNA with good accuracy.53,55,85

The complex interaction stemming from the non-covalent binding of a small molecule and

DNA, present in the intercalation process, requires appropriate forcefield selection. For the

forcefield to operate effectively the correct partial charges from each of the constituent atoms

are required.86–88 Due to the extensive research into DNA, the partial charges of the various

nucleotides have been accurately determined and obtained from the appropriate database. For
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the small molecule and abasic sites present in the duplex, quantum mechanical calculations

are required.89

2.12 | Gaussian Software for Quantum Calculations

For quantum calculation, the Gaussian software suite is widely utilised in this field of research.

The suite has proven to provide insight into electronic structure for a wide variety of molecular

systems through the iterative solving of the Schrödinger equation.

2.12.1 Solving the Schrödinger Equation

The time-independent Schrödinger equation, given by:

HΨ = 𝐸Ψ (2.13)

H is the Hamiltonian operator, Ψ is the wavefunction, and 𝐸 is the energy. This equation

represents a many-body problem, and therefore, challenging to solve directly for systems

encapsulating multiple electrons.90,91

As described by Schrödinger’s equation the Hamiltonian operator 𝐻 is defined as:

𝐻 = −
∑︁
𝑖

ℏ2

2𝑚𝑒
∇2
𝑖 −

∑︁
𝑘

ℏ2

2𝑚𝑘

∇2
𝑘 −

∑︁
𝑖

∑︁
𝑘

𝑒2𝑍𝑘

𝑟𝑖𝑘
+

∑︁
𝑖< 𝑗

𝑒2

𝑟𝑖 𝑗
+

∑︁
𝑘<𝑙

𝑒2𝑍𝑘𝑍𝑙

𝑟𝑘𝑙
(2.14)

𝑚𝑒 is the mass of an electron, 𝑚𝑘 is the mass of nucleus 𝑘 , 𝑖 and 𝑗 correspond to all electrons

while 𝑘 and 𝑙 correspond to all nuclei, 𝑟𝑎𝑏 is the distance between particles 𝑎 and 𝑏, 𝑍𝑘

describes atomic number of nucleus 𝑘. 𝑒 represents the charge of an electron (1.602×10-19

C), and ∇2 is the Laplacian operator.

The Gaussian suit employs a series of approximations and numerical techniques to address the

challenges in solving this multi-body problem.

Born-Oppenheimer Approximation

To reduce the complexity of the Schrödinger equation, the Born-Oppenheimer approximation is

applied.92,93 Through the assumption that the nuclei remain stationary relative to the motion

of the electrons, due to substantial relative mass of the nuclei by comparison. This enables

the wavefucntion to be separated into respective electronic and nuclear components. This
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greatly reduces the computational load, enabling Gaussian to solve the electronic Schrödinger

equation with fixed nuclear coordinates

Basis Sets and Expansion

Another partitioning of the system complexity is achieved through the basis set approach.

This method, uses a linear combination of atomic wave function (or atomic orbitals AOs)

to describe a molecular wave function (or molecular orbitals MOs).94 The molecular wave

function 𝜓 can be expressed as:

𝜓 =
∑︁
𝜇

𝑐𝜇𝜒𝜇 (2.15)

𝑐𝜇 represents the respective coefficients to 𝜒𝜇: the atomic wave functions. The summation of

these terms is called the linear combination of atomic orbitals (LCAO).95

The appropriate choice of the atomic wave functions has a great impact on the efficiency of

the calculations. There exist two mathematical functions that have been frequently employed

to map an atomic wave function: Slater-type orbitals (STOs) and Gaussian-type orbitals

(GTOs).96 STOs present a function which more closely resembles an accurate solution for

the hydrogen atom Schrödinger equation.97 GTOs however, do not offer the same accuracy,

instead they provide a significant computational advantage. This stems from the product

of multiple GTO functions remaining gaussian in nature which greatly increases the speed

of computational integration. In order to mimic the behaviour of STOs multiple contracted

GTOs are combined, resulting in common basis set notation like 3-21G or 6-31G.98

Electron Correlation

To accurately model multi-body quantum systems, electron correlation needs to be considered.

Methods are implied in the Gaussian software such as Configuration Interaction (CI), Møller-

Plesset (MP) perturbation theory, and Coupled Cluster (CC) theory, among others.99

Density Functional Theory (DFT)

DFT is quantum mechanical approach which simplifies the Schrödinger to a three-dimensional

function in order to extract properties of the system. It achieve this by using election density

as its primary variable as opposed to the many-body wavefunction. Stemming from its various

exchange-correlation functionals, DFT offers a balance between computational efficiency and

accuracy.100
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2.13 | Project Aim

The overall aim of this research into DTS is to develop a system capable of autonomous,

sequence-specific polymerization that incorporates a wide range of building blocks. To achieve

this, it is crucial to limit the hydrolysis of the monomers involved in the synthetic process.

Building on the previous work by the Turberfield Group,41 this study aims to further investigate

and quantify the protective effect provided by the DNA duplex. Specifically, the focus is on

understanding how the thioester-TAMRA modification and the positioning of an abasic site

across the minor groove contribute to shielding the labile thioester within the DNA structure.

By gaining insights into these protective dynamics, the research seeks to enhance DTS

methodologies and expand the range of reactions and building blocks that can be effectively

utilized in this templated synthesis approach. For example, understanding and improving

the protective effect could allow the incorporation of more electrophilic substituents that are

typically prone to hydrolysis, such as thioesters, selenium esters, and other such labile functional

groups.42 These groups are highly reactive but often degrade under standard conditions.

Enhanced protection within the DNA duplex could stabilise these reactive intermediates,

enabling their use in a broader array of chemical reactions within the DTS framework.

2.14 | Synthesis of TAMRA-Modified DNA

The initial goal was to repeat the previous experiments using a HPLC time course for more

accurate quantification. Prior to the development of such an assay, the modified thioester

TAMRA had to be synthesised. The general synthetic procedure involves the ligation of

3-(2-Pyridyldithio)propionic acid N-hydroxysuccinimide ester (SPDP) to an internally modified

amine DNA, following a reduction of the disulfide bond, then another ligation to TAMRA-NHS

ester (scheme 2.1).

Scheme 2.1: The synthesis of TAMRA-Modified DNA.

74



The internally modified amine strand was used due to its commercial availability and the large

scope of reactions which document amines function as a nucleophile. Similarly, SPDP was

chosen due to its commercial availability. SPDP contains an N-Hydroxysuccinimide (NHS)

ester and a disulfide functionality which can be reduced at a later stage to reveal the free-thiol.

The disulfide functionality was introduced with a pyridine-protecting group to prevent side

reactions.

2.14.1 Disulphide Ligation to Amine-Modified DNA

The disulfide-modified DNA was synthesised in a reaction mixture containing 10% borate

buffer in DMF, resulting in a final DNA concentration of 100 µM. The desired product was

achieved under both pH 8.5 and pH 9.5 conditions, yielding superior results. Following the

reaction, the SPDP-DNA was isolated through fractional collection. A comparison of the

integrals of the relative signals from SPDP-modified-DNA and amine-DNA revealed a higher

conversion using the borate buffer at pH 9.5. Specifically, the buffer at pH 9.5 achieved an

80% conversion, while the buffer at pH 8.5 reached a 72% conversion.

The identity of the SPDP-DNA was confirmed via LCMS (m/z: 11106.45, calculated:

11106.95).

Borate buffer is pertinent for DNA modification reactions due to its capability to maintain

stable pH levels, and it is specifically conducive for reactions involving nucleophilic substitution.

The stability of the pH provided by borate buffer is crucial. Borate buffer’s mildly alkaline pH

range (typically 8.0-9.0) enhances the nucleophilicity of reactants like amines and thiols, which

are often involved in nucleophilic substitution reactions.101 This environment not only facilitates

the reaction but also prevents the degradation of DNA and other sensitive biomolecules.102

Borate’s ability to form reversible complexes with nucleophiles, such as hydroxyl groups, can

stabilise reaction intermediates, improving both the efficiency and selectivity of the modification

process. This stabilization is particularly beneficial in reactions where intermediate stability is

critical for achieving high yields and specificity. Borate buffer is also chemically inert towards the

DNA backbone and bases, ensuring that the DNA’s structural integrity is preserved throughout

the reaction.103 This compatibility is essential for maintaining the biological function of the

DNA post-modification.
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Scheme 2.2: The synthesis of SPDP-Modified-DNA, from amine-modified-DNA in borate
buffer pH 9.5 (DNA duplex represented as a truncated sequence)

2.14.2 Reduction of SPDP modified DNA

For the reduction, previously published protocols were adapted using TCEP as the reducing

agent thiol.104–107 A ratio of 1:50 disulfide modified DNA: TCEP was used and after 1 hour at

room temperature, both pH 9.5 and pH 8.5 borate buffers resulted in full conversion. TCEP

was chosen due to its water solubility and specificity for disulfide reduction. The reduced

product was subsequently analysed by HPLC which exhibited a clear shift in elution time,

verifying the reaction success (Figure 2.7).

Fig. 2.7. HPLC trace showing the 262 nm absorbance channel of DNA-SPDP and DNA-thiol.

2.14.3 TAMRA Modification

With a procedure established for the instalment of the disulfide moiety onto amine-DNA, the

addition of 6)-carboxy tetramethylrhodamine, succinimidyl ester (TAMRA) was attempted
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Scheme 2.1. TAMRA was used in the synthesis to confirm the results from the protection

assay produced by the Turberfield group. The TAMRA-NHS was initially dissolved in DMF.

The synthetic procedure was established via a modification of a previously documented

procedure. A buffer of pH 12 resulted in the saponification of the TAMRA-NHS ester. A

change in buffer conditions was therefore required. Borate Buffers of 0.1 M pH 8.5 and 9.5

were utilised for the TAMRA ligation, with the pH 9.5 buffer resulting in a higher yield of

modified DNA-TAMRA (97% conversion to 85% conversion respectively).

The TAMRA-DNA formation reaction yielded three major peaks, observed through a quantita-

tive absorbance at 262 nm via HPLC (Figure 2.8). Through a comparison of retention times

and the relative absorbance profile of the three signals, it was determined that the peaks corre-

spond to DNA-thiol, free-TAMRA, and TAMRA-DNA. TAMRA exhibits a strong absorption

at 550 nm, while DNA exhibits its strong absorption at 262 nm. Through observation of the

relative absorbance profile produced by each signal combined with control HPLC runs of each

DNA-thiol and free-TAMRA, the identity of each signal was confirmed. With the LCMS of

the single-strand-DNA-TAMRA corresponding to m/z: 11381.51, calculated mass: 11382.02

Fig. 2.8. HPLC trace showing the 262 nm absorbance channel of the reaction mixture from
the TAMRA-DNA formation utilising borate buffer pH 9.5

The emergence of two signals with analogous retention times hints at the existence of two

distinct conformations of the DNA-linker-TAMRA complex. It is well-established in literature
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that TAMRA can exist in equilibrium between two isomeric forms: the lactone and the

zwitterion.

TAMRA may undergo tautomerization to form a lactone (Scheme 2.3).108 The transition

to the zwitterionic form has been identified to be contingent on hydrogen bonding, thereby

facilitating the lactone formation predominantly in aprotic solvents. However, the lactone form

is non-fluorescent, and the duplication of peaks remains observable in the fluorescent spectra

of TAMRA. Thus, it can be inferred that the lactone formation is not accountable for the

appearance of this double peak.

The prevailing hypothesis posits that two favourable conformations of the ssDNA-TAMRA

may exist with differing polarities. It is plausible that an equilibrium exists between these

two conformations, as single-stranded DNA (ssDNA) is known for its flexibility and ability

to adopt multiple stable structures depending on its sequence, environment, and interactions

with attached molecules like TAMRA.109,110 The differing polarities of these conformations

could arise from variations in the spatial orientation of the TAMRA moiety relative to the

ssDNA backbone. This would likely result in differentiated elution times when passing through

a reverse phase HPLC column, as each conformation interacts differently with the column

matrix.

To further investigate the likelihood and nature of these conformations, kinetic experiments can

be conducted by subjecting the ssDNA-TAMRA samples to HPLC at varying temperatures. By

observing the relative proportion of the two signals at different temperatures, one could gain

insights into the thermodynamics and stability of these conformations.111 If the equilibrium

shifts with temperature, this would indicate the presence of distinct conformations with different

energy profiles.112

Additionally, the extraction of fractions corresponding to each signal during HPLC separation

could be performed. These isolated fractions could then be subjected to circular dichroism (CD)

spectroscopy or nuclear magnetic resonance (NMR) spectroscopy to determine the secondary

structure and overall shape of each conformation.113,114 CD spectroscopy, in particular, is

well-suited to analyzing the helical content and conformational changes of nucleic acids, while

NMR can provide detailed information about the molecular structure.115

In terms of literature precedence, studies on fluorescently labeled ssDNA and other oligonu-

cleotides have demonstrated that the attachment of bulky fluorescent groups like TAMRA

can indeed induce multiple conformations,116 These conformations are influenced by factors

such as the length of the ssDNA, sequence, and the presence of complementary or interacting
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molecules. For instance, the introduction of fluorescent nucleobases can lead to varied stacking

interactions and steric hindrances, which, in turn, create distinct conformations within the

ssDNA strand.117 The equilibrium between these conformations is likely due to the flexibil-

ity and adaptability of ssDNA, which allows it to adopt different shapes depending on the

environmental conditions.118

Scheme 2.3: The tautomerization of TAMRA-modified DNA.
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To provide a precise evaluation of the protection capabilities of the TAMRA-thioester, a

time-dependent HPLC degradation assay was undertaken. The methodology for this assay

drew inspiration and was adapted from the DTS protocol previously established within the

Turberfield group by PhD candidate Robert Oppenheimer.41 The revised protocol necessitated

monitoring the degradation of the duplex under pH 11 conditions. The formation of this duplex

was carried out before the introduction of the alkaline buffer. The duplex was formed with

addition of magnesium chloride to ensure its stable formation.119,120 Following the buffer’s

addition, the duplex’s final concentration was adjusted to one micromolar. This duplex was

then subjected to 48-hour HPLC regime, with samples extracted at various intervals for analysis

via the TAMRA fluorescence channel (𝜆ex: 530nm, 𝜆em: 580nm)(Figure 2.9).

Fig. 2.9. Schematic illustration of the protection assay. The duplex, modified with TAMRA-
thioester, features a variable abasic site on its complementary strand. When exposed to pH 11
conditions, the result is thiol-modified DNA along with free TAMRA. In this depiction, the
position 0 protective strand is highlighted. Squares symbolize nucleotides, while absent squares
indicate abasic sites.

Various HPLC protocols were explored to achieve a clear time course illustrating the degradation

of the thioester TAMRA duplex. The objective was to ensure the distinct separation of signals

without any observed shifts in their elution. The calculation for the degree of protection was

determined by comparing the relevant integrals of the signals visible in the TAMRA fluorescent

channel (𝜆ex: 530nm, 𝜆em: 580nm), as shown in Equation 2.16.

Degree of unhydrolysed TAMRA-DNA =
Signal of TAMRA-Duplex

Total TAMRA signals
(2.16)

Degree of unhydrolysed TAMRA-DNA

Equation 2.16. In this equation, the ”Signal” refers to the integral of the respective HPLC
peaks. The total TAMRA signals are constituted from both the TAMRA DNA duplex and free
TAMRA signals.

The resulting relative degree of protection as calculated via Equation 2.16 aligned with the

trends observed by Robert Oppenheimer. With the general trend demonstrates increased
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protection with the abasic site position over the minor groove. The extent of protection

is evident when observing the resulting chromatograms resulting from the protection assay

concerning the -3 abasic site in comparison to the fully complementary strand (Figures 2.11 to

2.15).

Discrepancies in the elution time of the DNA-thioester-TAMRA/ -3 duplex and the DNA-

thioester-TAMRA/ fully complementary duplex were noted. Such variations can be attributed to

the TAMRA-linker assuming different conformations within distinct duplexes. These potentially

differing binding conformations will result in varying polarities of the duplexes.

From the analysis of the results, it was evident that an enhanced protective effect existed

corresponding to abasic strands with positions −2 ≤ 𝑥 ≤ −4. Apart from the position 0 strands,

protection for all other positions approximated 35% (Figure 2.15). The error bars presented in

the figures represent the standard deviation of results from experiments performed in triplicate,

providing a measure of the reproducibility of the observed effects. Fortunately, the error

associated with the measurement of DNA-TAMRA fluorescence intensity is mitigated by the

method of calculating the degree of protection as a relative comparison. As the fluorescence

intensity is calculated via a relative comparison between intact DNA-TAMRA with that of the

degradation product (free TAMRA), any variations in the total amount of material, such as

differences in injection volume or concentration, are effectively normalised. As a result, the

conclusions drawn about the protective efficacy of different abasic site positions are robust,

and the standard deviation accurately reflects the variability in the protective effect rather

than measurement inconsistencies.

Interestingly, the abasic 0 strands showcased the least protection, suggesting that the extensive

cavity in the DNA exposes the TAMRA thioester to the aqueous environment. This result

seems to contradict the general hypothesis, which posits that the distance and accessibility to

the abasic site are proportional to the degree of protection; therefore, the 0 position should

theoretically offer some level of protection. However, it is important to consider that when

the abasic site is at the 0 position, it is directly opposite the abasic site where the linker is

attached. This positioning likely creates a larger cavity, further exposing the TAMRA thioester

to hydrolysis by H2O.

Two abasic sites directly opposite each other may reduce the overall stability of the DNA

structure at this location. The lack of stabilizing interactions such as van der Waals forces

and hydrogen bonding in this region could leave the TAMRA thioester more vulnerable to the

aqueous environment, leading to a higher rate of hydrolysis. This could explain why the abasic
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0 strands offer the least protection, despite the expectation that closer proximity to the abasic

site would enhance protection.

However, it should be noted that no repeats were completed for the 0 abasic position, and this

result was not confirmed by Dr. Jennifer Frommer(Figure 2.16) The results presented in the

graph are based on the average of three independent experiments.43 In light of such further

experimentation the results from the protection assay concerning position 0 were removed

from the figure (Figures 2.15).

The graph in Figure2.16 of Frommer’s extension of my study confirms my findings regarding

the protective effect of abasic sites, with the exception of the 0 position.Her data illustrate a

clear relationship between the presence of a minor groove abasic site and enhanced protection,

particularly confirming the superiority of the abasic site at position −3 in providing maximal

protection.

The results indicate little difference in protection between the ribose and purely amine spacers

(Figure 2.16 a), as observed in the graph, supporting the hypothesis that the internal abasic

site, rather than the nature of the linker, plays the critical role in shielding the thioester from

hydrolysis. These findings highlight the robustness of the protective effect across various

configurations, reinforcing the potential for using abasic sites to stabilise reactive intermediates

in DNA-templated synthesis.
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Fig. 2.11. Time course from the protection assay for the fully complementary duplex,
as visualized in the TAMRA fluorescence channel. The respective signals correspond to
free TAMRA and the TAMRA-modified duplex, each illustrated with an overhead cartoon
representation. A 2X excess of the complementary strand was present in the protection
assay; however, it does not appear in the HPLC data since the analysis was conducted using
the TAMRA fluorescence channel, to which the unlabeled complementary strand does not
contribute.

Fig. 2.12. Evolution of protection degree for the fully complementary duplex with TAMRA-
modified-DNA over the time course, determined using Equation 2.16. The protection level at
𝑇5 is measured at 35%.
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Fig. 2.13. Time course from the protection assay for the -3 abasic duplex, as visualized in
the TAMRA fluorescence channel. The respective signals correspond to free TAMRA and
the TAMRA-modified duplex, each illustrated with an overhead cartoon representation. A
2X excess of the abasic DNA strand was present in the protection assay; however, it does
not appear in the HPLC data as the analysis was conducted using the TAMRA fluorescence
channel, to which the unlabeled abasic strand does not contribute.

Fig. 2.14. Evolution of protection degree for the -3 abasic duplex over the time course,
determined using Equation 2.16. The protection level at 𝑇5 is measured at 35%.
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Fig. 2.15. Degree of Protection for all assays completed at the 48-hour time point (T5),
determined using Equation 2.16. Concerning the positions -3, +3, +4 and the fully comple-
mentary region (’Comp.’), data were averaged from three independent repeats of each assay,
with standard deviations (SD) calculated to reflect the variability in the results.
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Fig. 2.16. Protection of a TAMRA thioester by an abasic site in the complementary strand.
Hydrolysis of the thioester was measured by RP-HPLC after incubation at 5°C, pH11 for 0–48h.
TAMRA fluorescence was measured with ex:550nm and em:580nm. a) Protective effects of
each of the three modifications shown at the n=−3 position in the complementary strand.
The proportion of unhydrolyzed thioester was calculated by comparing the areas under the
RP-HPLC peaks corresponding to the DNA-thioester and free TAMRA. b) Comparison of
protection afforded by complementary strands with the abasic site (C3-spacer) located in the

−3 position (maximum protection, top) and in the 1 position (minimum protection, bottom).
c) Position-dependence (n= 4 to −4) of the protective effect of an abasic site (C3-spacer)
monitored by RP-HPLC time course using the integrated fluorescence intensity of hydrolyzed
TAMRA as an indicator. A fully complementary opposite strand (fc) was used as a control.

2.15 | Results and Discussion

The results from the time course paralleled the protective effects previously observed by Robert

Oppenheimer. A distinctive protective effect emerged when the abasic protecting strand had

an abasic site within the region of the minor grooves. This can be discerned by evaluating the

signal intensity of the free TAMRA in chromatograms from protection assays with -3 and fully

complementary hybridising strands (Figures 2.11 to 2.14) . The differences in signal intensity

and retention times between the TAMRA-duplexes of -3 and the fully complementary duplexes

suggest varied conformations of the TAMRA-linker among duplexes.
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These different binding conformations both affect the retention time in the HPLC and the

quantum yield of TAMRA.

The quantum yield of TAMRA is known to vary significantly depending on its interaction with

nearby nucleobases, which can quench or enhance fluorescence through mechanisms such as

Förster resonance energy transfer (FRET) or static quenching.121 This phenomenon has been

observed in other studies where the fluorescence intensity of similar dyes is directly influenced

by the DNA sequence and structural context in which they are situated.122

Enhanced protection was evident for abasic strands between positions -2 and -4. However,

protections for other positions, excluding the 0 strand, hovered around 35% (see Table 2.15).

Intriguingly, the abasic 0 strand showed the least protection, potentially due to conformational

changes from the two opposing abasic sites, exposing the TAMRA-thioester more to the

aqueous environment, however, further investigation and repeats are required. This protective

effect, therefore, must stem from the TAMRA’s interaction with an abasic site over the minor

groove. This observation aligns with the known affinity of smaller molecules for the minor

groove, coupled with the proximity to the -4 and -3 positions. It is possible that TAMRA’s

preferential minor groove binding lowers the activation energy required for insertion into abasic

sites. This then enables the unique protection of the thioester to manifest.

2.15.1 The Influence of the Abasic Site Dependent TAMRA Inter-

action on the DNA Duplex’s Hydrophobicity

Variations in retention times of TAMRA-modified duplexes were noted during degradation

assays. Given that a reverse-phase column was used for these assays, species with increased

hydrophobicity had therefore extended elution times. Given TAMRA’s hydrophobic nature, one

would expect decreased hydrophobicity if TAMRA were integrated into the duplex. Following

this reasoning, a protective interaction between TAMRA and a minor groove abasic site should

result in a duplex with reduced hydrophobicity and quicker elution. This was indeed confirmed

during the degradation assays, where the -3 abasic duplex displayed a notably earlier elution

compared to the +3 and fully complementary duplexes (Figure 2.17).
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Fig. 2.17. Superimposed HPLC traces from the protection assay for the -3, +3, and fully
complementary duplexes with TAMRA-modified DNA showing each duplex at T0: 0h.

In order to confirm this change in elution time stems from the interaction of TAMRA with

the abasic site, a control was executed. This control involved analysis of the elution time

produced by the -3, +3, abasic strands and fully complementary strands hybridised to the

DNA-linker-thiol. This consequently formed the same duplexes without the TAMRA component.

The result of this was that all duplexes from this control occurred at the same elution time,

indicating the distinct varied effect the TAMRA had on the polarity for the various duplexes.

Specifically, the -3 abasic duplex caused a shift from the thiol -3 basic duplex elution time

by +0.4 mins, +3 abasic resulted in a shift of +1.2 mins, and the complementary duplex

complementary showed a shift of +1.4 mins.

To investigate whether this observed protective effect is specific to the minor groove or merely

a consequence of the linker length, we synthesised and ligated a longer SPDP-linker to the

amine-modified DNA strand. This linker extended the reach of the TAMRA unit (Scheme

2.4). Through this modification, we aimed to discern if the protective effect was genuinely a

function of the minor groove’s inherent properties or if it was simply a result of the accessibility

of the abasic site.
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Scheme 2.4: The synthesis of TAMRA-Modified DNA, where n =4

With the invaluable assistance of Dr. Jennifer Frommer in synthesising the elongated SPDP-

NHS ester, the extended TAMRA-DNA was produced. The synthetic steps used were analogous

to the previous stems utilised to install the shorter TAMRA linker. Following the successful

synthesis and purification of the extended TAMRA-DNA (m/z = 11423.501, calculated:

11424.07), these samples underwent the degradation assays, as shown in Figure 2.18 to 2.21

and summarised in 2.22. The protection assay results for the lengthier linker indicate that the

protective effect manifests irrespective of the existence or position of an abasic site.

In tests involving the +3, -3, and fully complementary strands, the degree of protection

(determined using Equation 2.16) consistently remained above 77% across all instances. The

fact that protection arose with the fully complementary strand suggests that a protective

conformation was enabled without the need for an abasic site. However, It’s imperative to

highlight that the greatest degree of protection was observed in the duplex featuring the -3

abasic site. However, it is important to consider the positioning of the abasic sites in relation

to the thioester-TAMRA complex. As illustrated in Fig. 2.6, the -3 abasic site is closest to the

thioester-TAMRA complex, while the +3 site is three nucleobases farther away, with the fully

complementary strand serving as a control without an abasic site. This range of distances

provides insight into how proximity may influence the degree of protection.

The selection of the -3 and +3 positions was deliberate to compare the abasic site that offered

the best protection (-3) with a site the same number of base pairs away in the opposite

direction (+3). This choice allows us to determine if the differential protective effect between

the minor and major groove is prevalent with a linker of longer length. The observation

that the -3 position offers the greatest protection suggests that the minor grove character of

the abasic site enhances protection, even when the linker has greater flexibility and length.

For a clearer understanding, the inclusion of more abasic positions would be necessary for

a comprehensive study to fully understand how groove orientation and distance together

influence protection. Unfortunately, material constraints and the complexity of synthesising

these modified strands limit the ability to test every possible position. The synthesis of these
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materials is not only expensive but also time-consuming, making it challenging to explore

every abasic site thoroughly. Despite these limitations, the results obtained from the selected

positions provide valuable insights into the protective dynamics at play, even if they are not

exhaustive.

Fig. 2.18. Time course from the protection assay for the fully complementary duplex with the
Long-TAMRA modified DNA, as visualised in the TAMRA fluorescence channel. The respective
signals correspond to free TAMRA and the TAMRA-modified duplex, each illustrated with an
overhead cartoon representation.
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Fig. 2.19. Evolution of protection degree for the fully complementary duplex with the Long-
TAMRA modified DNA over the time course, determined using Equation 2.16. The protection
level at 𝑇5 is measured at 35%.

Fig. 2.20. Time course from the protection assay for the -3 abasic duplex with the Long-
TAMRA modified DNA, as visualised in the TAMRA fluorescence channel. The respective
signals correspond to free TAMRA and the TAMRA-modified duplex, each illustrated with an
overhead cartoon representation.
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Fig. 2.21. Evolution of protection degree for the -3 abasic duplex with the Long-TAMRA
modified DNA over the time course, determined using Equation 2.16. The protection level at
𝑇5 is measured at 35%.

Fig. 2.22. Degree of Protection for all assays completed with the longer Linker for time point
at 48h T5, determined using Equation 2.16.Standard deviation derived from 3 independent
results concerning the assay involving the complementary hybridising strand.

Through observations of the resultant elution times stemming from the duplexes with the

longer linker, it is evident that the difference in elution between duplexes is less than that of

the difference observed with the smaller linker. This may be suggestive of a similar binding

configuration of the long-TAMRA DNA for the various duplexes. It was observed that two

signals emerged from the chromatogram involving the long-TAMRA-DNA -3 duplex. These

two signals intersected due to their close retention time. It is again possible that these two

signals are symptomatic of two different binding configurations present in the long-TAMRA

DNA/-3 duplex. As discussed earlier with the shorter linker, if these signals represent different
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conformations, they are likely in equilibrium and interchangeable. To further investigate this,

similar thermodynamic experiments could be conducted by isolating each signal and reinjecting

the samples into the HPLC. This would help determine if the signals are indeed due to distinct

conformations and if they are capable of interconverting. Additionally, structural determination

techniques such as circular dichroism (CD) spectroscopy or nuclear magnetic resonance (NMR)

could be employed to better understand the nature of each conformation.

2.15.2 Implementation of the protective effect into DTS

The strategy of protecting a labile thioester from hydrolysis by incorporating a minor groove -3

abasic site was applied to a DNA-templated synthesis (DTS) reaction by Dr. Jennifer Frommer

(Figure 2.26). Two reaction systems were compared: both utilized a DNA-thioester-TAMRA

duplex, with one system including the -3 abasic protective site and the other lacking it. Both

systems were incubated for 48 hours before initiating a toehold-mediated strand displacement

with a DNA strand containing a reactive amine, thereby enabling DTS. The relative yields

of the DTS reactions were then compared between the two systems. To accurately quantify

the rate of hydrolysis, fluorescent calibration curves for all TAMRA-containing species were

obtained. We collaborated on applying the equations derived from these calibration curves to

the experimental results.

It is essential to understand that the fluorescence response of TAMRA is highly dependent on

its molecular environment. Several studies have observed that the quantum yield of fluorescent

dyes tends to diminish when integrated into a DNA system.123,124 This effect was evident

in our degradation assay, where the fluorescence intensity of free TAMRA was considerably

higher than that of the TAMRA-modified duplex. Such disparities in the quantum yields

between free and duplex-bound TAMRA can lead to inaccuracies if fluorescence intensities are

compared directly, potentially exaggerating differences in the degree of protection across the

tested duplexes.

To address this issue and achieve quantitatively accurate measurements of the rate of degrada-

tion, we generated calibration curves specific to each TAMRA species in the system (Figures:

2.23 - 2.25). By measuring the fluorescence intensities of known concentrations of free

TAMRA and TAMRA-modified duplexes, we established calibration curves that allowed us to

convert fluorescence readings into accurate concentrations for each species. This normalisation

accounted for the differing quantum yields and ensured that the calculated rates of hydrolysis

and protection were precise.
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The results, depicted in Figure 2.26, clearly demonstrate that the presence of the abasic site

significantly improved the yield of the desired amide product. Specifically, with the protective

site, the yield of the DTS reaction became largely independent of the incubation time, while

without the protection, hydrolysis of the thioester reduced the overall yield. This highlights

the critical role of the abasic site in maintaining the integrity of the thioester, thus facilitating

a more efficient and productive reaction.

Fig. 2.23. The result of the TAMRA fluorescence calibration as determined by integrating
the signal intensity produced at each concentration of free TAMRA by HPLC.
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Fig. 2.24. The result of the TAMRA flourescence calibration as determined by integrating
the signal intensity produced at each concentration of DNA-thioester-TAMRA by HPLC.
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Fig. 2.25. The result of the TAMRA calibration as determined by integrating the signal
intensity produced at each concentration of the amide product by HPLC.
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Fig. 2.26. a) Stage 1 (incubation). Donor adapters, hybridized to a complementary keeper
strand with or without an abasic protective site at position n=-3, were incubated at pH11 at
5°C for between 0 and 48h. Stage 2 (reaction). Reactions were initiated using toehold-mediated
strand exchange to replace the keeper strand with an acceptor strand forming a duplex with
an amine acceptor at the n=1 position. DTS was performed at 15°C for 24hours. b) DTS
reaction progress for the unprotected and protected systems as functions of reaction time
after 48h incubation at stage 1. DTS reaction progression was assessed by RP-HPLC using
the TAMRA fluorescence channel (ex:550nm and em:580nm) (FigureS9). c) As b) but with
fixed 24h reaction time and with variable incubation time. DTS reactions were performed in
triplicate: error bars represent the standard deviation of the yield.
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Implementation of the Protective Effect into DTS

In the degradation assay with an extended linker, it was observed that significant protection was

consistently achieved regardless of the abasic site’s position or existence within the sequence.

This consistency presents potential challenges concerning its integration into a DTS mechanism.

Robbie’s research demonstrates a fundamental trade-off between protection and reactivity

in DTS systems. His findings show that while the protective mechanism is active, no acyl

transfer can occur, making protection and reactivity mutually exclusive. For the protective

effect to function as intended, the protected labile linker must be selectively exposed to the

reactant when needed. As well as designing a DTS mechanism to selectively expose the

reacting electrophile when needed, a bi-functional protecting group is required to render this

mechanism viable. Such bi-functionality ensures that while the group offers protection, the

preceding acyl transfer won’t result in the protecting group attaching to the growing polymer.

This protecting component must then be exposed from the abasic site to facilitate the transfer

reaction (Fig. 2.27).
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Fig. 2.27. This cartoon illustrates the incorporation of a protective effect within a dynamic
template strand displacement (TMSD) mechanism. The figure shows both linkers extending
from nucleobases that oppose abasic sites, which are hosting a protective environment—realized
by a protecting group and an abasic site. The mechanism involves labile linkers, monomer(s),
and a linker containing a nucleophile. In the simplified cartoon (a), TMSD is initiated by a
longer templating strand. The incoming strand contains a nucleobase opposing the longer
polymer chain, which forces the electrophilic polymer chain out into the solution, enabling the
nucleophile to engage in chain transfer. (b) depicts a chemical schematic of a bifunctional
protecting group that can be implemented at the forefront of the chain, allowing the terminal
nucleophile to participate in chain transfer.

2.16 | Methods: Molecular Dynamics Simulation Prepa-

ration

In order to elucidate the structure-activity relationship discovered from the experimental strand,

molecular dynamics simulations were employed to further study this system.

2.16.1 TAMRA Linker Topology Generation

The topology file for the TAMRA linker was created through the use of the ACYPYPE tool,

in conjunction with the GAFF force field. Formal charges were assigned to the atomistic

components of the TAMRA linker through a high-level DFT calculation in Gaussian, using the

6-31++G** basis set and the B3LYP functional.
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2.16.2 DNA Duplex Topology Generation

The formation of the DNA duplex topology file was completed through the PDB2GMX command

from the GROMACS software suite. For its operation, the program required input of co-ordinates

and an appropriate force field. Co-ordinates were derived from a DNA database, which described

a truncated 30 base-pair sequence. This truncation from 45 base pairs was strategically chosen

to reduce computational demand through the exclusion of ’extra’ base pairs which were deemed

to have negligible impact to the TAMRA-linker abasic site interaction. For the forcefield, the

parmBSC2 was chosen.

2.16.3 Introduction of Abasic Site

After the creation of the DNA and TAMRA topology files, two abasic sites were introduced

into the dulex. One abasic site for the attachment of the TAMRA-linker and one for the

+3 and -3 abasic positions. These sites were created by editing the topology file in order

to remove the necessary nucleobases. A custom python script was developed to handle the

deletion of appropriate atoms and rendering of others to hydrogens in order to describe the

appropriate abasic site and the appropriate positions. The script also had to handle the

subsequent renumbering of the atoms across the various topology sections: atoms, bonds,

pairs, angles and dihedrals to ensure an accurate description of the DNA system. Appropriate

atomic force field parameters were used for atoms which were rendered to hydrogens during

the process.

2.16.4 Topology Concatenation and Bond Addition

The relevant connecting bond between the TAMRA-linker and the DNA was manually described

in the concatenated topology file describing both the DNA and TAMRA-linker with their

respective force fields. Bonding constants for this bond were derived from an additional

topology file created via ACYPEPE calculation with the GAFF forcefield. Subsequently, the

appropriate co-ordinate file of the DNA-linker-TAMRA duplex was created.

The addition topology file was also used to extract all relevant pair, angle, and dihedral

interactions present in the linker-DNA connection. All appropriate interactions were input into

the contacted topology file calling upon the parmbBSC forcefield for the DNA and the gaff

force-field describing the linker-TAMRA components.
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2.16.5 Gaussian Scans for Abasic Sites

For an accurate portrait of the spatial charges present in the abasic sites, additional Gaussian

scans were performed entailing the carbon and hydrogen atoms comprising the abasic site. This

was done to ensure the charges of the abasic accurately portrayed the electronic environment

of a purely basic site. The charges of the flanking phosphate groups remained unaltered, as

the charges of the phosphate group were consistent throughout the duplex as described by the

DNA database.

2.16.6 Dihedral Scans of the TAMRA Unit

It’s hypothesised that the pivotal interaction in the protective effect originates from TAMRA

and the abasic site. Research has shown that the enthalpic driving force driving the interaction

of small molecules into abasic site(s) is 𝜋-stacking .125 Considering the TAMRA molecule,

the dihhedral angle present between the two-ring system will have a considerable effect on its

pi-conjugation and therefore needs to be correctly modelled. To achieve this a dihedral scan of

the TAMRA unit was executed via the Gaussian software. Because of the inherent symmetry

within the molecule, the dihedral angle was varied within a range of 0◦ to 90◦. The resulting

potential curve was then mapped to the proper dihedral equation with the corresponding

co-efficient used to describe the four dihedral concerned with the twist between the two ring

systems (Figure 2.28).

𝑉rb(𝜙𝑖 𝑗 𝑘𝑙) =
5∑︁
𝑛=0

𝐶𝑛 (cos(𝜓))𝑛 (2.18)

𝜓 = 𝜙 − 180 (2.19)
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Fig. 2.28. This figure illustrates the extended potential profile for a four-atom dihedral
bonding configuration in the TAMRA molecule, utilising constants derived from fitting the
proper dihedral potential. The potential is mapped across a full range of 2𝜋.

2.16.7 Ressonance Forms

The final intricacy to contemplate for the modelling is the resonance forms of TAMRA. It

is well documented how TAMRA undergoes resonance between its zwitterion and lactone

forms.108,126,127 Considering that Gaussian does not differentiate the formal bonding configu-

rations of the molecule and only seeks to minimise the electronic wave function concerning

the centre of mass of the constituent nuclei, this did not raise a concern regarding the partial

charges. Regardless, the formal binding configuration present in the system will have a signifi-

cant impact on the conformation freedom exhibited by the TAMRA. To capture both resonant

forms of the TAMRA both binding configurations of the lactone and zwitterion were modelled.

Fig. 2.29. Resonance equilibrium between TAMRA and lactone forms. Equilibrium between
the resonant zwitterionic and lactone forms of the TAMRA molecule.
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2.16.8 Simulation Protocol

Simulations were performed with periodic boundary conditions within a cubic box. Initially, the

DNA duplex was positioned at the centre of the box. The simulation box was then solvented

with the TIP3P water model.128 Preceding this solvation step, two distinct simulation regimes

were constructed: The first regime involved the addition of enough sodium ions to neutralise

the charge of the negative phosphate backbone which equated to 28 sodium ions, this will

be referred to as neutral salt concentration. The second regime, involved adding additional

sodium and chloride ions until physiological concentrations of 0.125mM were reached, this

will be referred to as physiological salt concentration.

Preceding the addition of water and ions to format the environment a brief energy minimisation

was conducted. This step called upon the AMBER parm99/bsc for the DNA and the GAFF

for the TAMRA linker, in line with earlier discussions. With the positions of the modified-

DNA-duplex harmonically restrained, the environment was equilibrated through NVT and

NPT simulations. Regarding NVT, the system’s temperature was increased from 0K to

278.15K to comply with experimental conditions. For the NPT (isothermal-isobaric) ensemble,

the pressure was equibrated to 1 bar, again matching experimental conditions. Preceding

the harmonisation of the environment to experimental conditions, a brief molecular dynamic

simulation of 1 ns was executed. This was completed to allow some equilibration between

the modified-DNA system and its environment to take place. Following this initial run, an

extensive molecular dynamic simulation of 400 ns was completed.

Pair distance plots between the frontal three rings of the TAMRA molecule and the carbon

back bone of abasic site (either -3 or +3) were utilised as quantitative descriptors for TAMRA’s

binding state (Figure 3.1, Table 2.1). This specific choice of atom groups was motivated by

several key factors.

Firstly, TAMRA, being a large and rigid molecule with an extended conjugated ring system

- specifically the 3 frontal conjugated 6 members rings -, exhibited minimal rotation during

molecular dynamics simulations. This stability indicates that the positions of the atoms within

these three rings remain relatively fixed, making them ideal for accurately representing the

molecule’s overall orientation and proximity to the abasic site.

Secondly, focusing on the carbon atoms within these rings ensures that the measured distances

reflect the core structure of TAMRA, minimizing the influence of peripheral fluctuations from

flexible side chains or solvent interactions.
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Fig. 2.30: The frontal three rings of the conjugated ring system in TAMRA and the alkyl
chain of the abasic site were selected for the calculation of Root Mean Square Deviation
(RMSD) plots in the molecular dynamics simulations. The bonds highlighted in green on the
skeletal structures indicate the specific regions used for RMSD analysis.

Visual analysis of molecular dynamics trajectories revealed TAMRA’s initial insertion into the

abasic site involved these frontal ring systems. These atoms play a crucial role in stabilizing the

binding through -stacking and other non-covalent interactions. Thus, monitoring the distances

between these rings and the abasic site offers a reliable descriptor of the binding state, largely

unaffected by rotational or conformational changes in other parts of the molecule.

The selection of the frontal three rings of TAMRA for analysis effectively captures the molecule’s

binding interactions with the abasic site, providing a robust and invariant measure that aligns

with the observed behavior in the simulations.(Table 2.1).

Metrics constituting the plot were extracted from the simulation preceding the equilibration of

the DNA-TAMRA complex, specifically when a stable binding conformation was reached. The

determination of the point of equilibrium was informed by a comprehensive analysis of the pair

distance plots, coupled with careful observation of the simulation trajectories.

2.17 | Manual Pre-positioning of TAMRA within the

Abasic Site: Implications for Steric Interactions

and Conformational Stability

Preliminary experiments involved manually placing the latone from of the TAMRA linker into

the abasic site, resulted in significant steric clashes with the surrounding DNA residues due to

the rigid, bulky nature of TAMRA compared to the flexible DNA backbone (Figures 2.34-2.35).

These clashes, characterised by repulsive interactions, prevented TAMRA from remaining in
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the abasic site under both salt conditions, indicating that steric and conformational challenges

outweigh any stabilising effects from the ionic environment.

Additionally, manual insertion distorted the bond angles and torsional angles within both the

DNA structure and the TAMRA molecule, introducing strain that the system sought to relieve

during MD simulations. This strain led to the dissociation of TAMRA as the system moved

towards a more stable conformation. These observations highlight the importance of carefully

considering steric and conformational factors when setting up initial configurations for MD

simulations, particularly in systems where these factors are critical to molecular stability and

binding interactions.

This situation is exacerbated by the fact that abasic sites in DNA introduce additional flexibility

and structural perturbations, as demonstrated by Barsky et al. in their study.44 The study

highlights that abasic sites do not maintain a simple gap but rather induce flexibility and local

structural changes in the DNA, which can contribute to the challenges of manually placing a

large molecule like TAMRA within the site.

This instability is further evidenced by the Root Mean Square Deviation (RMSD) plots, which

showed large fluctuations in RMSD for both salt conditions, indicating significant instability in

the pre-positioned TAMRA. Specifically, observations from the MD trajectories and the RMSD

analysis revealed that under physiological salt conditions, TAMRA remained in proximity to

the abasic site longer than under neutral salt conditions. However, in both cases, TAMRA

ultimately did not remain within the abasic site. Notably, during the simulation at neutral salt

concentration, TAMRA was not found in the abasic site by the time MD simulations were

initiated, suggesting that it was likely forced out during the NPT equilibration phase.
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Fig. 2.31. Starting configuration of manually inserted lactone TAMRA into the -3 abasic site
.

Fig. 2.32. Pair distance of Manually inserted TAMRA with -3 abasic site with physiological
salt conditions.

.
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Fig. 2.33. Pair distance of the manually inserted TAMRA with -3 abasic site with neutral
salt conditions

.
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Fig. 2.34. Final configuration of the manual inserted lactone TAMRA physiological salt
concentration

.
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Fig. 2.35. Final configuration of the manual inserted lactone TAMRA neutral salt concentration

.
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2.17.1 Molecular Dynamics Results and Interpretation

The only simulation to result in the insertion of TAMRA into its corresponding abasic site

involved the lactone TAMRA form, the minus three abasic site and physiological salt concen-

trations.

In contrast to this, other simulations with the minus three abasic site, including the lactone at

neutral salt concentration of the zwitterion form at physiological salt concentration did not

result in the insertion of the TAMRA unit into the minus three abasic site. The zwitterion

binding configuration resulted in insertion in its abasic site (the abasic introduced for the

attachment of the linker ligated to the thioester-TAMRA). Regarding the simulation entailing

the lactone bonding configuration at neutral salt concentration, no insertion of the TAMRA

was observed. The simulation involving the plus three abasic site demonstrated intriguing

behaviour where the TAMRA and linker threaded through the abasic site, seemingly in an

attempt to access the plus three abasic site.

Table 2.1
Summary of simulation results, the key outcomes of the molecular dynamics simulations,
highlighting the minimum, maximum, and average pair distances between the TAMRA unit
and the respective abasic site (either -3 or +3) targeted for insertion. The table categorises
results based on the salt condition of each simulation, the resonance bonding configuration of
the TAMRA molecule, the specific abasic site in the DNA duplex, and a qualitative analysis of
the TAMRA unit’s behaviour observed during the simulation. This comprehensive summary
provides valuable insights into the interaction dynamics between the TAMRA unit and abasic
sites under varying conditions.

2.17.2 Minus Three Abasic Duplex with the Lactone TAMRA form

Molecular dynamics concerning the lactone bonding TAMRA at physiological salt concentration,

with the 3 abasic site yielded an insertion conformation aligning with our initial hypothesis
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(Figure 2.36). This insertion was confirmed through the evaluation of the relative pair distance

plots between the frontal three rings of the TAMRA molecule and the carbon backbone of the

-3 abasic pocket (Figure 2.37). For this specific scenario, equilibrium was determined to occur

at 29 ns, therefore metrics concerning this parameter were extracted after this point.

Fig. 2.36. Final Configuration of Lactone TAMRA in -3 Abasic Site at physiological conditions
.
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Fig. 2.37. Pair distance of TAMRA with -3 abasic site. Equilibrium in the simulation was
identified at the 29 ns mark, indicating the point of stable interaction between TAMRA and
the abasic site.

.

2.17.3 Behavioral Difference of Lactone TAMRA at Varying Salt

Concentrations

The MD simulation concerning the lactone form of TAMRA in neutral salt concentration

resulted in no insertion (Figure 2.38). Distinct from the physiological salt concentration

regime the TAMRA unit did not interact with the -3 abasic site. This differential behaviour

concerning the two salt concentrations demonstrates the profound influence that charge

screening has on interaction dynamics.53 This simulation involving the lactone form and neutral

salt concentration reached some sort of equilibrium after 170 ns (Figure 2.39). This is in

contrast to the short equilibrium time exhibited with the physiological salt concentration. This

again is evidence of how electrostatic interactions influence the conformational stability of the

DNA-linker-TAMRA complex. Specifically, the neutral salt concentration regime is subject to

a relative lack of charge screening as compared to the physiological salt concentration regime.

This lack of charge screening consequently results in the linker-TAMRA remaining in solution.

This behaviour is constant with research concerned with the effect of electrostatic interaction

on biomolecular stability and orientations.129,130 Visual inspection of the trajectory revealed

that the TAMRA unit never fully inserts into the -3 abasic site but accesses a meta-stable

conformation that lies in close proximity to the abasic sites. The linker appears to curl around

itself seemingly in an attempt to minimise solvent interaction. This characteristic interplay
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between the linker and the solvent demonstrates how the surrounding environment affects the

conformation of the complex.

Fig. 2.38. Final configuration of lactone TAMRA at neutral salt conditions showing the
TAMRA unit not inserted in any abasic site.

Fig. 2.39. Pair distance plot of TAMRA and -3 abasic site under neutral salt conditions, with
the system reaching equilibrium at the 170 ns mark.
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Fig. 2.40. Pair Distance plot of TAMRA with its own abasic site under neutral salt conditions.
Extended time periods at various pair distances are indicative of a range of meta-stable states.

This starkly contrasting behaviour of the lactone bonding form of TAMRA with the varying

salt concentration underlines the necessity of simulating a variety of conditions to obtain a

holistic understanding of the interaction dynamic concerned with bio-molecular complexes.
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2.17.4 Behavioral Difference Between The Resonant Bonding Con-

figurations

With the same physiological salt concentration, the resonance zwitterion bonding form of the

TAMRA was simulated. With this regime, no insertion into the -3 abasic site was observed.

Interestingly in this scenario, the linker-TAMRA seemed to curl around it’s self and insert into

its own abasic site (Figure 2.41). The system seemed to reach a stable configuration at 24 ns,

therefore equilibrium was determined to be reached at this point (Figure 2.42 and 2.43).

Fig. 2.41. Resonance form of TAMRA in its own abasic site minimising solvent interactions.
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Fig. 2.42. Pair distance plot of resonance TAMRA with -3 abasic site. Equilibrium is
established at the 24 ns mark.

Fig. 2.43. Pair Distance Plot of Resonance TAMRA with its own Abasic Site.

2.17.5 Simulation of the +3 Abasic Duplex

The final scenario tested was the +3 abasic site with the lactone resonance form of TAMRA and

physiological salt concentrations. Over a span of 200 ns, the conformation of the TAMRA-linker

seemed to result in a kinetic entrapment involving the head of the TAMRA unit inserting

through its abasic site (Figure 2.44). This phenomenon may be attributed to the inherent

chirality of DNA in combination with the chiral orientation of the linker attachment to the

DNA backbone. The current combination of both results in the linker oriented towards the

minor groove of the DNA system, potentially influencing its behaviour in the simulation.

116



Fig. 2.44. Lactone TAMRA at physiological conditions with the +3 abasic site the linker is
observed to thread through its own abasic site in the presence of the plus abasic site.

Fig. 2.45. Pair distance plot of TAMRA with +3 abasic site. equilibrium was reached at the
100 ns mark.
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Fig. 2.46. Pair distance plot of TAMRA with its own abasic site for the scenario with +3
abasic position equilibrium was achieved at 40 ns.

2.17.6 Chirality Inherent to The System

Inherent chirality within the DNA duplex results in a right-handed helix under physiological

DNA (B-DNA). The chirality arises from the intrinsic chirality present in D-deoxyribose sugars,

constituting the ribose of the DNA backbone. The D-deoxyribose sugar is host to three

chiral centres in their composition.131 Stemming from the preferred chirality and angle of the

glycosidic bond, the DNA structure results in major and minor grooves. In combination with

this chirality, the attachment of the linker to the abasic site can occur in two chiral forms (R

and S enantiomers, Figure 2.47). The provider of the modified oligomers: IDT, is uncertain

about the chiral identity of their product. Considering the time constraint of my PhD only the

S enantiomer was modeled. Considering the length and flexibility of the linker, it was argued

that the enantiomeric identity of the attachment will have little effect on the conformational

preference exhibited in the model. However, this would be an intriguing avenue to explore for

future investigations.
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Fig. 2.47. Enantiomeric configurations of amino-modified abasic site depicting the R and S
enantiomeric configurations of the chiral carbon in the amino-modified abasic site used for the
linker in the modified DNA duplex. The illustration differentiates the two spatial arrangements,
highlighting their distinct chiral characteristics and potential implications for the molecular
interactions within the duplex.
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2.18 | Discussion

This computational study represents a preliminary experimentation investigation aimed at

understanding the mechanism of this for the unique protection in the context of DNA-templated

synthesis (DTS). While the initial findings are promising, several critical approaches should be

considered to further validate and expand upon these results.

To ensure the reproducibility and statistical significance of the observed phenomena, it is

imperative to run multiple independent simulations starting from different initial conditions,

such as varying initial velocities velocity distributions corresponding to the temperature of

interest and initial conformations. This approach helps build a statistically significant ensemble

of trajectories, ensuring that the results are robust and not merely artefacts of particular initial

conditions in a given simulation run.132

Introducing small perturbations to the starting structures—such as slight positional adjust-

ments—is essential to confirm that the observed behaviour is not an artifact of the specific

initial setup. This strategy broadens the exploration of conformational space and captures a

more diverse range of behaviours, providing a comprehensive understanding of the system.133

Extending the simulation time significantly beyond 400 ns is crucial to allow for the system to

have ample opportunity to explore different conformational states, especially when transitions

between these states occur slowly. Longer simulations are vital for capturing long-timescale

processes and rare events that shorter simulations might miss capture, offering a more complete

picture of the system’s dynamics.134

To better explore the conformational landscape and capture rare events, employing enhanced

sampling methods such as Replica Exchange Molecular Dynamics (REMD), Metadynamics, or

Accelerated MD is highly recommended. These techniques help overcome energy barriers and

facilitate the sampling of otherwise inaccessible states, providing a more exhaustive view of

the system’s behaviour.135,136

Additionally, careful selection and validation of force fields and parameterisations used in the

simulations are essential to ensure the accuracy of the results. Validating computational models

against experimental data, when available, can increase confidence in the predictive power of

the simulations and help identify any discrepancies that may need further investigation.66

By analysing various metrics such as dihedral angles or free potential energy distributions over

time, convergence can be confirmed, indicating that the simulation has adequately sampled

the system’s phase space and that the results are independent of the simulation time window.
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This step is critical for verifying that the observed behaviour properties are representative of

the system’s true dynamics.137

By implementing these approaches, future studies can build upon the preliminary findings

presented here, providing a more robust and comprehensive understanding of the mechanisms

underlying the protective effects observed in DTS. This, in turn, could significantly advance the

field and contribute to the development of more effective DNA-templated synthesis strategies.

2.19 | Conclusion

Through experimentation, it was uncovered that the protective effect is far more prominent

when the abasic site resides in the minor groove. A possible rationale for this minor groove

preference might stem from the propensity of small molecules to bind to the minor groove, thus

reducing the activation energy needed for its insertion. Another such rationale could be due to

proximity, as the minor groove is located closer than the major. It was observed that the longer

linker provided more consistent protection irrespective of the existence or position of an abasic

site. This is evident as the protection observed for the fully complementary and +3 abasic

strand lies in the range 77 < 𝑥 < 79%, whereas, with the shorter linker, the protection across

all positions, excluding −2 ≤ 𝑥 ≤ −4, was approximately 35% (calculated using Equation 2.16

without calibration). It is possible that this exemplified protective effect stemming from the

longer linker is enabled by greater conformational freedom. As the linker is longer and more

flexible, the TAMRA can bind to previously inaccessible regions of the duplex.

The protective mechanism observed in these experiments has significant implications for

DNA-Templated Synthesis (DTS). In the work of Frommer et al.,41 this protective strategy

was successfully implemented within a DTS framework to safeguard a thioester group, which

is prone to hydrolysis. Their results showed that incorporating an abasic site adjacent to the

thioester, particularly within the minor groove, drastically enhanced the yield of the desired

amide product. This underscores the minor groove’s role in facilitating a more effective

interaction between the protective site and the reactive group, further supported by the

consistency of protection provided by the longer linker, which allowed TAMRA to access

previously inaccessible regions within the DNA duplex. These findings suggest that leveraging

the flexibility and strategic positioning of linkers and protective sites can significantly improve

the efficiency and yield of DTS reactions, particularly for protecting labile functional groups

from degradation.
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This study revealed distinct dynamics across various modeling conditions, particularly regarding

the bonding identity of TAMRA and the surrounding salt environment. These factors signifi-

cantly influenced the resulting conformation and binding preferences of the system. Under

physiological salt concentrations, TAMRA in its lactone resonance form inserted into the -3

abasic site, a behavior not observed at neutral salt concentrations, where no insertion occurred.

Conversely, TAMRA in its zwitterion resonance form demonstrated a preference for inserting

into its own abasic site under the same physiological conditions.

The final scenario examined the +3 abasic site, where the lactone bonding configuration and

physiological salt concentration similarly led to TAMRA inserting into its own abasic site.

Experimental investigations demonstarted substantial protection was afforded when the abasic

site was situated between the -2 and -4 positions, whereas the fully complementary duplex

showed no such protection. These findings suggest that the protective effect does not arise

from TAMRA’s insertion into its own abasic site but rather from the specific positioning within

the DNA duplex, particularly in the minor groove where smaller molecules are more likely to

bind. Through combining the streams of computational and experimental work it is reeled

that for protection to arise the lactone from of TAMRA inserts into the -3 abasic site, and the

computational work highlights the nessecity for physiological salt conditions.

As a fluorescence signal of the DNA-linker-TAMRA duplex was observed for the -3 abasic site,

the state of TAMRA must be in its zwitterionic resonance form. The observed protection of

the labile thioester from hydrolysis at the -3 abasic site, coupled with the detectable shift in

elution of the DNA-TAMRA duplex relative to the DNA-thiol duplex, strongly suggests that a

binding reaction occurred. From previous work in this area, we know that the protective effect

between the TAMRA molecule and the abasic site occurred without any reaction between the

thioester and amine nucleophile, indicating that no DNA-templated synthesis (DTS) can occur

under these conditions.43

Regarding the stability of the inserted form, it is likely that an equilibrium exists between the

inserted and non-inserted forms. The stability of this inserted form could be further examined

by employing umbrella sampling, a technique used to calculate the potential of mean force

(PMF) along a reaction coordinate by introducing a series of biased simulations that allow

for the efficient sampling of rare events.52 Umbrella sampling is particularly well-suited to this

scenario, as it would enable the determination of the free energy landscape associated with

the insertion and non-insertion states of the TAMRA molecule. By analysing this landscape,
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we could gain insights into how stable the inserted form is relative to the non-inserted form,

providing a quantitative measure of the equilibrium between these states.

In future work on the implementation of a protective effect in DNA-Templated Synthesis (DTS),

it will be crucial to develop protective groups with bifunctionality to ensure that reactions can

progress effectively. Molecular dynamics (MD) simulations combined with umbrella sampling

could be employed to identify and optimise suitable protecting groups. These computational

techniques would allow for an in-depth analysis of the free energy landscapes associated with

different potential protecting groups, helping to predict their stability and effectiveness in

shielding reactive intermediates. This approach is particularly beneficial as it can systematically

explore the relevant regions of the configurational space, identifying the most energetically

favorable structures.138

Once suitable protecting groups have been identified through MD and umbrella sampling, their

practical applicability can be confirmed by subjecting these groups to the protection assay

described in the experimental section of this chapter. This will involve assessing their ability

to shield labile intermediates from hydrolysis and determining whether they can be effectively

incorporated into the DTS framework. This iterative process of computational prediction

followed by experimental validation will enhance the design and application of protective groups

in DTS.
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General Information

Materials & Equipment

All chemicals and solvents were ordered from Sigma-Aldrich or Fisher Scientific and used

without further purification, unless otherwise stated; DNA was purchased from IDT and all

solvents were reagent grade.

DNA strands:

Table 2.2
DNA Sequences with Modifications

Name Sequence

Amine modified DNA GCCGAGCCAGCAGTCAGCGC/iUniAmM/GTCCTAATCTACCTG
Abasic -5 CAGGTAGATTAGGACAGCGC /iSpC3/GACTGCTGGCTCGGC
Abasic -4 CAGGTAGATTAGGACAGCG/iSpC3/TGACTGCTGGCTCGGC
Abasic -3 CAGGTAGATTAGGACAGC/iSpC3/CTGACTGCTGGCTCGGC
Abasic -2 CAGGTAGATTAGGACAG/iSpC3/GCTGACTGCTGGCTCGGC
Abasic -1 CAGGTAGATTAGGACA/iSpC3/CGCTGACTGCTGGCTCGGC
Abasic 0 CAGGTAGATTAGGAC/iSpC3/GCGCTGACTGCTGGCTCGGC
Abasic 1 CAGGTAGATTAGGA/iSpC3/AGCGCTGACTGCTGGCTCGGC
Abasic 3 CAGGTAGATTAG/iSpC3/ACAGCGCTGACTGCTGGCTCGGC
Abasic 5 CAGGTAGATT/iSpC3/GGACAGCGCTGACTGCTGGCTCGGC

Equipment

HPLC

High-Performance Liquid Chromatography (HPLC) analysis, and purification of oligonucleotides

were performed on a modular Shimadzu instrument with the following modules: CBM-20A

system controller, LC-20AD solvent deliver module, SIL-20AC HT autosampler, CTO-20AC

column oven, SPD-M20A photodiode array UV-Vis detector, RF-20A spectrofluorometric

detector and an FRC-10 fraction collector. Chromatography was performed on a Waters

XBridge Oligonucleotide BEH C18 column, 130 Å, 2.5 µm, 4.6×50mm.

Buffers

A: 5% ACN, 0.1 M triethylammonium acetate (TEAA)

B: 70% ACN, 0.1 M triethylammoniumacetate.
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HPLC methods

Method 1: Flow rate: 0.8 mL/min; column temperature: 60 °C, buffer gradient varied with

respect to buffer B in the following manner: 0% 0-10 min, 0-50% over 18 min, 50-95% over 4

min, 95-0% over 3 min, 0% over 5 min.

Method 2: Flow rate: 0.8 mL/min; column temperature: 60 °C, buffer gradient varied with

respect to buffer B in the following manner: 1% over 5min 1%-30% over 15 min, 30%-95% 5

min, 95%-1% 1 min, 1% over 3 min.

Method 3: Flow rate: 0.8 mL/min; column temperature: 35 °C, buffer gradient varied with

respect to buffer B in the following manner: 1% over 3 min, 1-15% over 17 min, 15%-95%

over 5min, 95%-1% over 2 min, 1 % over 4 min.

Oligonucleotide Synthetic Equipment

Termormixer: Eppendorf Thermomixer C

Nanodrop: Thermoscientific nano-drop one

Centrifuge: Eppendorf Centrifuge 5424 R

Spin Vacuum: Eppendorf Concentrator plus

NMR

Proton (1H) and Carbon (13C): Resonance Spectroscopy 1H NMR and 13C NMR spectra were

recorded on a Bruker DPX-300, DPX-400 or HD500 spectrometer. Chemical shifts are reported

in ppm. Solvent signals were used as reference (Trimethylsilane, 1H: 𝛿 = 0 ppm; chloroform

13C: 𝛿 = 77.16 ppm; DMSO, 1H: 𝛿 = 2.50, 13C: 39.52 ppm. The signals are characterized as

s = singlet, d = doublet, dd = doublet in doublet, ddd = doublet in doublet in doublet, t =

triplet, q = quartet and m = multiplet. The coupling constant J is recorded in Hertz (Hz).

LCMS

Liquid chromatography-mass spectrometry (LC-MS) analysis of oligonucleotides was performed

on a Bruker AmazonTM X. Chromatography was carried out on a Waters XBridgeTM OST

C18 2.5 M column at a flow rate of 0.8 mL min−1 using a gradient of buffers A and B: buffer

A, 10 mM NH4OAc in a 95:5 mixture of H2O and MeOH; buffer B, 10 mM NH4OAc in 30:70
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mixture of H2O and MeOH. The eluent was directly injected into the mass spectrometer, and

the data was acquired in the negative-ion mode.

Spin filtration

Procedure: Load of DNA ≤ 2 nmol per amicon 3 k ultra-centrifugal spin filter. The sample

is diluted to 500𝜇L with nano pure water. The sample is subjected to spin filtration in a

centrifuge for 12 min at 14000 rcf at 15◦𝐶.

Relative Comparison of the Absorbance Signals of Chemi-

cally Modified DNA Strands in the Context of HPLC

The degree of conversion of a reaction involving chemically modified DNA strands was

determined by a comparison from the area of the 262 nm absorbance from their signal

produced in the HPLC chromatogram.

𝑥 = 262 𝑛𝑚 signal produced by a DNA strand on the HPLC

𝑥 =

∫ 𝑡2

𝑡1

𝐴 𝑑𝑡

conversion =
𝑥𝑛∑
𝑥

Buffers

DTS Buffer: The composition of the DTS buffer used by Robbie.

Table 2.3
The composition of the DTS buffer used by Robbie

mMol Equivalents

TAPS 12.5 0.25

CAPS 12.5 0.25

NA2HPO4 12.5 0.25

NaCl 12.5 0.25
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The buffer was made to the proportions described in the table and the pH of the DTS was

adjusted by using hydrochloric acid (HCl) and sodium hydroxide (NaOH).

Borate Buffers

Borate buffers were prepared by solubilizing sodium tetraborate decahydrate to a 1 M solution.

An aliquot of the solution was diluted to 0.1 M and the pH was adjusted with glacial acetic

acid or NaOH.

Synthesis of Disulphide DNA

Previous Synthesis for Disulphide-Modified DNA

Robbie’s synthesis of dilsulphide modified DNA: 10 𝜇L, 1mM, of Internal amine-modified DNA

in H2O was mixed with 540 𝜇L DMF, 100 𝜇L 100mM succinimidyl 3−(2-pyridyldithiopropionate

(SPDP, Cambridge Bioscience) in DMF and 53 𝜇L 250mM DTS buffer pH 12. The reaction

was incubated for 15 hours at RT. The reaction was ethanol precipitated and subjected to 3×

spin filtration.

Developed Synthesis for Disulphide-Modified DNA

• Synthesis of disulphide modified DNA: 2 𝜇L, 1M SPDP dissolved in DMF was added to

Internally modified amine DNA (2 𝜇L, 2 nmol, 1mM) with 8 𝜇L borate buffer 0.1M pH

9.8.

• The solution was left shaking overnight in a thermomixer at 1400 rpm for 16 hours.

• The solution was then subjected to spin filtration (6×).

• The SPDP modified DNA was separated from the reaction via HPLC fractional collection

using HPLC method 2. Conversion (80%). The SPDP modified containing fractions were

reduced by vacuum and subjected to spin filtration (6×). Conversion (86%), Average

recovered yield (40 − 50%).

Synthesis of Protecting Group Modified DNA

• 1 𝜇L of 0.05M of TCEP in borate buffer 0.1M, pH 9.5 was added to 1 𝜇L, 1mM, of

desalted SPDP DNA and the solution was left mixing at 1400 rpm in a thermomixer for

1 h.
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• 1 𝜇L of 100 nmol of activated NHS ester dissolved in DMF was added along with 7 𝜇L

of Borate buffer 0.1M pH 9.5. The reaction was left to stir for 16h.

• The solution was then subjected to spin filtration at 4◦C (6×).

• The protecting group modified DNA was separated from the reaction via HPLC fractional

collection using HPLC method 3. The SPDP modified containing fractions were reduced

by vacuum and subjected to spin filtration at 19◦C (6×).

• Conversion from benzene-DNA formation: 55%

• Conversion from TAMRA-DNA formation: 97%

Protection Assay

HPLC Time Course: 7 𝜇L, 4.29 𝜇M thioester-modified duplex was hybridized to a 2× molar

excess of the hybridizing strand (7 𝜇L, 8.57 𝜇M) with 0.6 𝜇L 0.5M MgCl2 and 0.4 𝜇L of

deionized water to result in a 2 𝜇M duplex solution of 15 𝜇L total volume. The duplex was left

in a thermomixer for 15 minutes, 400 rpm, 21◦C. 15 𝜇L of DTS buffer 0.25M, pH 11 was

added and the sample was subjected to an HPLC time course with time points taken at 0h, 2h,

12h, 24h, 36h, 48h using HPLC method 3. This resulted in a final solution of 30 𝜇L of 1 𝜇M

with respect to the concentration of duplex. 2 𝜇L of the sample was injected per timepoint

resulting in 2 pmol of duplex per timepoint. The time course was automated with the batch

processing in lab solutions.
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70. Schröder, C. & Steinhauser, O. The influence of electrostatic forces on the structure

and dynamics of molecular ionic liquids. The Journal of Chemical Physics 128 (2008).

134



71. Sagui, C. & Darden, T. A. Molecular dynamics simulations of biomolecules: long-range

electrostatic effects. Annual Review of Biophysics and Biomolecular Structure 28, 155–

179 (1999).

72. Belhadj, M., Alper, H. E. & Levy, R. M. Molecular dynamics simulations of water with

Ewald summation for the long range electrostatic interactions. Chemical Physics Letters

179, 13–20 (1991).

73. Wells, B. A. & Chaffee, A. L. Ewald summation for molecular simulations. Journal of

Chemical Theory and Computation 11, 3684–3695 (2015).

74. Luty, B. A. & van Gunsteren, W. F. Calculating electrostatic interactions using the

particle- particle particle- mesh method with nonperiodic long-range interactions. The

Journal of Physical Chemistry 100, 2581–2587 (1996).

75. Dzyaloshinskii, I. E., Lifshitz, E. M. & Pitaevskii, L. P. The general theory of van der

Waals forces. Advances in Physics 10, 165–209 (1961).

76. Margenau, H. Van der Waals forces. Reviews of Modern Physics 11, 1 (1939).

77. Slater, J. C. & Kirkwood, J. G. The van der Waals forces in gases. Physical Review 37,

682 (1931).

78. Tee, L. S., Gotoh, S. & Stewart, W. E. Molecular parameters for normal fluids. Lennard-

Jones 12-6 Potential. Industrial & Engineering Chemistry Fundamentals 5, 356–363

(1966).

79. Cuadros, F., Cachadiña, I. & Ahumada, W. Determination of Lennard-Jones interaction

parameters using a new procedure. Molecular Engineering 6, 319–325 (1996).

80. Ricci, C. G., de Andrade, A. S., Mottin, M. & Netz, P. A. Molecular dynamics of DNA:

comparison of force fields and terminal nucleotide definitions. The Journal of Physical

Chemistry B 114, 9882–9893 (2010).
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CHAPTER3
Programming colloidal self-assembly pathways

for simple cubic crystals

3.1 | Functionalisation and Implementation of Colloids

as Building Blocks

Many desirable functional materials have a structure defined by intricate nano-architectures.

These materials have applications in photonics,1,2 biomedicine,3 and energy conversion do-

mains.4–6 Nature has been discovered to employ bottom-up hierarchical self-assembly in order

to construct three-dimensional nano-architectures. This design process underpins the construc-

tion of sophisticated systems such as muscle tissue7, amyloid fibrils8, and collagen networks9.

Sceintists have employed colloidal particles to manifest hierarchical self-assembly.10–13

Colloidal particles, as nanometre-to-micrometre-sized entities dispersed in a liquid medium, are

attractive building blocks for programming self-assembly.14 The interplay between repulsive

and attractive interactions typically governs the self-assembly of colloidal building blocks,

though entropy-driven self-assembly in the presence of excluded volume interactions alone

is also known.15 A variety of colloidal building blocks are now synthetically available, often

offering directional and/or specific interaction to encode the self-assembly information.16–18.

The choice of DNA-mediated interactions between colloidal particles to drive colloidal self-

assembly has gained a lot of traction.19,20 Due to the high specificity of Watson and Crick base

pairing and the thermal reversibility of the interactions,21,22 it has been successfully utilised in

programming colloidal self-assembly. Recent studies have shown the versatility of using DNA

as a cross-linker in colloidal crystals, leading to varied structural outcomes.23–25

Different strategies employ different DNA configurations to drive the assembly of these

colloids. Previous research emphasizes factors like DNA chain length, nucleobase sequence, and
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structural ratio of single-stranded DNA segments in determining the self-assembly dynamics.11

Additionally, other interactions between DNA chains, especially steric and electrostatic repulsion

of the phosphate backbone, play a role in the formation of colloidal crystals, leading to a wide

range of lattice symmetries.26,27

Colloidal self-assembly encompasses the arrangement of particles into intricate structures. Such

superstructures, influenced by individual nanoparticle properties and their collective attributes,

have shown tremendous sensitivity to environmental changes.28,29 This paves the way for

creating stimuli-responsive materials and intelligent devices.30,31 As advancements continue to

flourish, we observe a refined control over the dynamic reactions of these materials to various

stimuli, revealing the untapped potential of colloidal self-assembly, especially when intertwined

with DNA functionalisation.19,32,33

Colloidal particles with short-ranged isotropic interactions tend to close-pack. Colloidal open

crystals, having densities significantly lower than what is achieved at close packing, have proved

challenging targets for programming colloidal self-assembly. In particular, diamond-structured

colloidal crystals are targeted for self-assembly because of their ability to support a complete

photonic band gap (PBG), and thus applications as photonic crystals at optical frequencies.34

A simple cubic structure is also known to support a complete PBG, albeit with a smaller

maximum gap to midgap ratio at a higher refractive index contrast than what is offered by the

much sough-after cubic diamond.2,35 Additionally, the simple cubic crystal structure possesses

useful mechanical properties, such as those of auxetic metamaterials,36 making it an attractive

target for self-assembly.

Patchy colloidal particles with sticky parts on their surface provide highly directional interactions,

which can be made specific as well via DNA functionalisation of the patches.37–39 Owing to

their highly directional interactions, patchy colloidal particles are promising building blocks for

low-coordinated colloidal open crystals. In fact, colloidal spheres with six attractive patches

in an octahedral arrangement – referred to as octahedral patchy particles hereafter – are

intuitively obvious building blocks to stabilise a simple cubic crystal. In a computational study

mapping the phase diagram of a model octahedral patchy particles, the simple cubic crystal

was indeed confirmed to be most stable at low pressures for a relatively narrow value of the

patch width.40

In recent years, there has been significant progress in programming hierarchical self-assembly

of colloidal building blocks, which may open up alternative pathways to improve assembly

kinetics. The Chakrabarti group has devised a design framework to encode hierarchical self-
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assembly pathways in triblock patchy particles, having attractive patches on opposite poles,

via a hierarchy of strengths for patch-patch interactions, and exploited the design framework

for the self-assembly of diamond-structured colloidal crystals in a series of computational

studies.10,41,42 The two-stage self-assembly pathways via tetrahedra are shown to promote

crystallisation via even-member ring selection – a strategy that is subsequently implemented

via specificity of interactions to achieve facile self-assembly of colloidal diamond from a binary

mixture of tetrahedral patchy particles for a wider range of patch widths than what is possible

for a one-component tetrahedral patchy particles.43 In this context, we sought to program

different self-assembly pathways in octahedral patchy particles by distinguishing its four patches

on a plane, referred to as equatorial patches hereafter and labelled E, from the remaining

two axial patches, labelled A, across the plane, depending upon how they interact amongst

themselves. We considered two scenarios: one where E-E bonds are stronger than A-A bonds,

which we call equatorial bias, and the other where A-A bonds are stronger than E-E bonds

corresponding to axis bias. In both case, E-A bonds are allowed, but are of an intermediate

strength. These two scenarios were compared with the so-called control scenario, where the

patches are not distinguished in the absence of any bias. Our objective was to assess whether

biasing improves the quality of the crystal thus self-assembled as opposed to the control

scenario and investigate the crystallisation pathways in those distinct scenarios.

Fig. 3.1. This figure shows two perspectives of the theoretical octahedral patchy particle
used in these simulations. The blue patches represent axial (A) patches, the red represent
equatorial (e) patches.
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3.2 | Modelling Octahedral Patchy Particle

As previously stated, octahedral patchy particles were employed in this research. With

interactions between particles conducted via the Kern-Frenkel potential scheme to model

the self-assembly of octahedral patchy particles. This approach combines two mathematical

frameworks: the first treats the particles as hard spheres, while the second captures the patch

interaction between the patchy particles as a square-well potential with an angular condition.

For bonding interactions to occur in the Kern-Frenkel model, two conditions must be met:

The center-to-center distance between the particles is less than the distance 𝛿. The angles

between a pair of patches lie within the half-angle 𝜃 of each particle. The potential energy

𝑈
𝑘 𝑓

𝑖 𝑗
is given by:

𝑈
𝑘 𝑓

𝑖 𝑗
(𝑟𝑖 𝑗 ,Ω 𝑗 ,Ω𝑖) =

𝑀∑︁
𝛼=1

𝑀∑︁
𝛽=1

𝑈𝑆𝑊
𝛼𝛽 (𝑟𝑖 𝑗 ) · 𝑓𝛼𝛽 (𝑟𝑖 𝑗 ,Ω 𝑗 ,Ω𝑖)

where 𝑟𝑖 𝑗 = |𝑟𝑖 𝑗 | is the centre-to-centre distance between particles 𝑖 and 𝑗 , and 𝑑Ω𝑖 and Ω 𝑗

describe the orientations of particles 𝑖 and 𝑗 , respectively.

𝑈𝑆𝑊
𝑎𝑏 (𝑟𝑖 𝑗 ) =


∞ if 𝑟𝑖 𝑗 < 𝜎

−𝜖 if 𝜎 ≤ 𝑟𝑖 𝑗 < 𝜎 + 𝛿

0 otherwise

In the present study, we used reduced units: the length in units of 𝜎, the energy in units of 𝜀,

and the temperature in units of 𝜀
𝑘𝐵
.

𝑓 (𝑟𝑖 𝑗 ,Ω𝑖,Ω 𝑗 ) =


1 if Ω𝑖 · 𝑟𝑖 𝑗 > cos 𝜃 and Ω 𝑗 · 𝑟 𝑗𝑖 > cos 𝜃,

0 otherwise.

(3.1)

The interaction energy bias set between axial and equatorial patches was at a ratio of 5:1. The

investigated energetic regimes included equatorial bias, axial bias, and a neutral control scenario,

each at particle densities of 0.1, 0.3, and 0.5. For the density of 0.5, we further delineated

the simulations into scenarios with active E-A interactions and those with A-B interactions

switched off, where E-A denotes the interplay between dissimilar patches—equatorial and axial.

144



The patches were defined as being either axial or equatorial. With a bias set at a ratio of 1:5

between the two groups of patches for the different regimes, i.e., for the axial bias regime

the patch strengths would equal 𝜖𝐴𝐴 = 1, 𝜖𝐸𝐸 = 0.2. An additional control scenario was

employed where the patch strengths were set to equal 𝜖𝐴𝐴 = 1, 𝜖𝐸𝐸 = 1. The interaction

range of the patches set to a spherical cutoff of 1.2𝜎, and half angle of 20◦.

NVT Monte Carlo simulation were carried out employing N = 2000 octahedral patchy articles, in

a cubic box applying periodic boundary conditions adhering to the minimum image convention.

The acceptance ratio was set to 0.3 with the step size adjusting accordingly to achieve such

acceptance. The starting configuration of the system at T*=1 pre-organised as simple cubic.

This simple cubic structure was melted during the simulation of T*=1, with the resulting

liquid progressively cooled. The reduced temperature was reduced with simulations spanning

from 1 down to 0.2, across which 10 × 106 Monte Carlo steps were conducted, inclusive of

5 × 106 steps for system equilibration. Analysis of the system’s properties was facilitated by

block averaging after every 5 × 104 Monte Carlo steps. At reduced temperatures below 0.2,

the simulation length was extended to 2.5 × 107 Monte Carlo steps, with a corresponding

increase in equilibration steps to 2 × 107, while maintaining the same block averaging interval.

Potential energy was monitored for divergence every 1 × 105 steps, with a set divergence

threshold of 1 × 10−10. The system was confirmed to be equilibrated, provided the potential

energy demonstrated no significant fluctuations in energy.
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3.3 | Self-assembly of Colloidal Simple Cubic Crystal

Fig. 3.2. The instantaneous energy of the system corresponding to the reduced temperature
of crystallisation over monte carlo steps for the various biasing regimes. Equatorial bias T* =
0.16, Axial bias T*=0.08, Control T* = 0.2, Equatorial bias no E-A T* = 0.15, Axial bias no
E-A T* = 0.07

The analysis of the resulting structure, using the global Steinhardt bond order parameter

𝑄4,
44,45 confirmed the self-assembly of a simple cubic crystal. Note that 𝑄4 = 0.764 and

𝑄6 = 0.354 for a perfect simple cubic lattice.45 The global order parameter 𝑄4 provides

information on the overall particle arrangement in the crystal, reflecting the degree of long-

range order inherent in the system.

The order parameter utilises spherical harmonics to capture the angular alignment of particles

within a spherical cutoff, this yields an indication of their symmetrical distribution. In the

case of the simple cubic structure, the quantum number l was set to 4, representing a 4-fold,

this degree of symmetry best captures the angular distribution of particles in the simple cubic

lattice.

146



For a perfect simple cubic structure, the expected global 𝑄4 value is close to 0.763, which is

the theoretical value for a system with complete simple cubic order.

The global 𝑄4 parameter values reveal that simple cubic crystals are self-assembled in a

better quality at density 𝜌★ = 0.5 compared to 𝜌★ = 0.3 and 0.1. Comparing the various

biasing scenarios with E-A allowed in terms of the global 𝑄4 parameter values, we infer that

the equatorial bias and control scenarios form the better-quality crystals. We note that the

global 𝑄4 parameter values in the axial bias scenario are considerably smaller. concerning

the density at 0.1 and 0.3, no crystal structure resulted, however, the interconnected fluid

formed at density 0.1 had a higher Q4 than the fluid at density 0.3 (0.46 as opposed to

0.33). For each scenario, five independent runs were carried out each initiated from a distinct

equilibrium configuration well separated along the Monte Carlo trajectory obtained at a reduced

temperature just above the temperature where crystallisation was observed. The median 𝑄4

values from these simulations are presented in Table 3.1.
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Table 3.1
Median calculated global 𝑄4 parameter for the crystal resulting from density 0.5 for each
regime, encompassing axial bias, equatorial bias, control case (no bias), axial bias without
E-A interactions, and equatorial bias without E-A interactions. The global 𝑄4 is computed
by averaging over 1,000 frames post-equilibration for each run with the standard deviation
displayed beside.
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Fig. 3.3. Final frame configurations (𝜌 = 0.5) for the equatorial biasing regime (𝑇∗ = 0.16),
control regime (𝑇∗ = 0.2), and axial biasing regime (𝑇∗ = 0.07) from left to right

.

The simulations demonstrate a clear discrepancy in the global 𝑄4 values with axial bias (0.583),

equatorial bias (0.698), and the control case (0.689), while the E-A interaction switched-off

cases show lower global 𝑄4 values.

3.4 | Structured Fluids Prior to Crystallisation

The different biasing scenarios as opposed to the control scenario are anticipated to result

in enhanced structuring in the fluid upon cooling before the crystallisation takes place. To

characterise the short-range ordering in these structured fluids and compare, we show in Figure

3.4 to 3.5 the radial distribution functions (RDFs) at temperatures just above the temperatures,

at which the crystallisation was observed in our simulations. As anticipated, the peaks in the

RDFs persist at larger separations in the equatorial- and axial-bias scenarios, compared to

the control scenario. The enhanced structuring is also reflected in slightly more pronounced

first and subsequent peaks in the two biasing scenarios. Interestingly, an additional broader

peak is observed for the fluid in the equatorial-bias scenario at a separation around 𝑟 ≈ 1.5,

corresponding to a sphere of nearest neighbours. Also, in this case, the third peak develops

a shoulder at a distance 𝑟 ≈ 2.5 corresponding to the secondary co-ordination shell and its

nearest neighbour. We therefore infer that in the equatorial-bias scenario, the octahedral

patchy particles form a more structured fluid, with a tendency for the formation of 2D sheets.

When these biasing scenarios are considered with E-A ruled out, the fluids have comparable

structuring, though the peaks beyond the first ones appear to be slightly less pronounced

in the equatorial-bias scenario compared to the axial-bias scenario. However, we note that

the signatures for sheet-like coordination in a layer are absent in the equatorial bias scenario
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when E-A is ruled out. This is believed to be due to the absence of any E-A interaction either

catalysing or engaging in the addition of nearest neighbours.

Given that the ordering in the structured fluids, from which the crystallisation into a simple

cubic crystal takes place, varies depending upon the different scenarios considered here, it is

likely that the crystallisation pathways are distinct in these cases. We therefore investigated

the pathways for crystallisation in those different scenarios.

Fig. 3.4. The radial distribution function 𝑔(𝑟) of the liquid phase at the reduced temperature
(T*) before crystallisation, showing the control (black line, T* = 0.3), axial bias (purple line,
T* = 0.09), and equatorial bias (pink line, T* = 0.17) regimes, each distinctively separated
by an increment of 0.5 for clarity.
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Fig. 3.5. Radial distribution function 𝑔(𝑟) for the liquid phase at the reduced temperature
(T*) before crystallisation, comparing the axial bias with E-A interactions off (purple line, T*
= 0.07) and the equatorial bias with E-A interactions off (orange line, T* = 0.16).
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The pair distribution function and cluster analysis revealed differing structural arrangements of

the colloidal particles before crystallisation. Each resulting crystal from the regimes produced

simple cubic crystals of varying quality as determined by the global 𝑄4 and local 𝑞4 distribution.

To elucidate the discrepancy in the resulting global 𝑄4 parameter from the density 0.5 regimes,

nucleation pathway analysis was employed. This was executed using the translation bond order

parameter 𝑑4(𝑖 𝑗). It was discovered that this local bond order parameter exhibited a strongly

defined signal for the simple cubic structure (Figure 3.6). Two criteria were used to determine

the state of the cluster: for a cluster to be considered a crystal in this context it required

𝑑4(𝑖 𝑗) value greater than 0.92 with each particle in that cluster forming 5-6 bonds.
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Fig. 3.6. Translation Bond Order Parameter 𝑑𝑙 (𝑖 𝑗) for a Simple Cubic Lattice, with quantum
number 𝑙 values in {2, 3, . . . , 10}.
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3.5 | Calculating the Gyration Tensor

The gyration tensor was implemented to obtain insight into the shape of the cluster. The

gyration tensor yields the second moments of positions for a cluster of particles. For a cluster

described in 3 spatial dimensions. The gyration tensor was calculated using the central positions

of each constituent colloidal particle of the largest crystalline cluster for each frame of the

simulation.
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This computation of the gyration tensor results in a 3X3 matrix displaying a spatial distribution

of inertia, with the diagonal elements of the gyration tensor representing the moments of

inertia along the principal axes of the body, while the off-diagonal elements represent the

products of inertia. The diagonal elements are known as the principal moments of the gyration
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tensor(𝜆2𝑥 ≤ 𝜆2𝑦 ≤ 𝜆2𝑧 ) . Using these moments parameters such as the radius of gyration,

asphericity, acylindricity and anisotropy are obtained. All such values were calculated for the

largest crystalline cluster for each frame.
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3.6 | Nucleation Pathway Analysis

For each of the different scenarios, five independent Monte Carlo trajectories, which all resulted

in crystallisation, were analysed to characterise the crystallisation pathways. From the analyses,

a few features emerge as general trends. It is noted that the initial fluctuations in the principal

moments corresponding to small cluster size, do not yield significant meaning. This is due

to the small cluster size giving rise to large gyration tensors as compared to larger clusters

due to the 1
𝑁2 factor. Additionally, the accumulation of particles in these small clusters

has a significant impact on the cluster’s geometry, as each particle yields a relatively large

contribution to the total mass distribution in the cluster. This consequently leads to significant

variation in the principal moments during this phase of the simulation. The initial nucleation

phase occurs around 0-1600 steps, with corresponding cluster size 0-200, and the crystal

growth phase occurs after 1600. General trends :

Upon cooling to the relative crystallisation temperature of the axial and equatorial biasing

scenarios, it is noted that the relative rate of crystallisation concerning Monte-Carlo steps is

slower in the axial biasing case (Figure 3.7-3.9). This is attributed to the relative difference in

binding energy. As the equatorial biasing features 4 patches of binding strength (𝜖 = 1) as

opposed to two of strength 𝜖 = 1 in the axial scenario, consequently resulting in a stronger

mean attractive force between colloids in the equatorial case. These stronger attractions

between colloids perhaps facilitate a faster rate of crystallisation. The increased tendency of

binding in the equatorial scenario is further supported by the higher number of average bonds

formed per colloid in the liquid above crystallisation. In the equatorial scenario, an average of

three bonds are formed per colloidal particle as compared to the axial scenario with two bonds.

Following an initial period of rapid fluctuations, when the size of the largest crystalline cluster

is rather small, both the asphericity and acylindricity of the largest crystalline cluster steadily

increase before falling off in the equatorial-bias scenario (Figure 3.8). The broad maxima

appear to correlate and coincide with the period when the size of the largest crystalline cluster

starts to rise rapidly following an initial period of slow growth. This peak asphericity and

acylindiricity are accompanied by the sharp rise in 𝜆2𝑧 , 𝜆
2
𝑥 and 𝜆2𝑦. In contrast, in the axial-bias

scenario, the acylindricity continues to rise even when the asphericity is on a slow decline or

practically not changing (Figure 3.9). With this trend accompanied by the continuous rise by

the 𝜆2𝑥 and 𝜆
2
𝑦. The consistently low simultaneous value of the asphericity and acylindircity

in the equatorial scenario can be justified by the near-constant simultaneous values of the
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principal moments, signifying a near three-dimensional symmetric growth. The slight increase

in both asphericity and acylindricity in correspondence to the rapid increase in cluster size can

be the artefact of a non-perfect simultaneous increase in the principal moments. The disparity

in the trends of asphericity and acylindricity can be explained by the marginally slower rise

in the 𝜆2𝑥 and 𝜆
2
𝑦 which can result in more an elongated geometry, distinct from the perfect

cylinder.

Intriguingly large initial fluctuation in the principal moments was not observed in all nucleation

studies concerning the axial basis regime (Figure 3.10). The asphericity values during this

initial crystallisation phase was relatively low compared to other scenarios in this phase with

the 𝜆2𝑧 moment being slightly higher than 𝜆2𝑦 and 𝜆2𝑥 . Consequently the ascylindricity was

near 0 indicating cylindrical symmetry during this phase. Further investigation is required

to determine how this simulation involving axial biasing resulted in little fluctuations of the

principal moments.

Analyses concerning the axial biasing scenario with no E-A interactions were almost indistin-

guishable to the axial biasing scenario with E-A interactions (Figure 3.9 and 3.11). The only

discernable difference stems from the initial faster rate of growth of the largest crystalline cluster

with E-A off. As no E-A interaction is enabled, the resultant binding from this mechanism

results in the strongest bonding between particles. Because of this clusters formed in this

regime are likely to be more one-dimensional enabling a more seamless crystallisation. Cluster

analysis of the liquid phase before crystallisation highlighted differences in bonding patterns

between scenarios with E-A interactions turned off and on. Specifically, the ratio of axial-axial

to equatorial-equatorial bonds in the E-A off scenario was markedly higher (0.84 to 0.16)

compared to the E-A on scenario, which presented a more diverse bond distribution (0.69 to

0.22, with an additional 0.1 being axial-equatorial bonds). A lower ratio of axial-axial bonds

consequently implies more branching structures due to the geometric constraints of the bonds

formed.

Differences between the equatorial binding scenario concerning E-A on and E-A off were more

significant (Figure 3.12). Significant fluctuations in the largest crystalline cluster and all

corresponding principal moments and parameters were observed in the E-A off case highlighting

a large degree of hierarchical self-assembly. These large fluctuations across all parameters

suggest transient three-dimensional symmetry resultant of large sub-cluster aggregation. Due

to the absence of E-A interactions large sub-clusters are likely to be bound via continuous
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stretches of relatively weaker axial bonds resulting in equilibrium concerning the bonding of

the sub-clusters.

In the control scenario, proceeding with the initial sharp increase in principal moments

corresponding to the initial nucleation phase, the principal moments fall and then spike in

correspondence with one another as the cluster size increases (Figure 3.7). After this point

the principal moments 𝜆2𝑧 , 𝜆
2
𝑥 and 𝜆2𝑦 all plateau at 10 for the rest of the simulation. This

trend signifies three-dimensional growth as the cluster size increases with all principal moments

remaining approximately equal. Accompanying this, asphericity and acylindricity remain

practically close to 0 through the growth of the largest crystalline cluster. In some of the

simulations, significant fluctuation in the largest clusters can be observed with corresponding

fluctuations in the 𝜆2𝑥 component. This is evidence of some degree of hierarchical growth,

as the largest cluster can be identified to be composed of subsidiary smaller clusters. As no

enthalpic bias is in place the result of cluster formation and 3-dimensional growth can be

attributed to an entropic effect.
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3.6.1 Largest Crystalline Cluster Analysis for the Control Scenario

Fig. 3.7. Results of the largest crystalline cluster analysis for the control regime (𝜌 = 0.5,
𝑇∗ = 0.2), with no energetic bias. The figure displays: the size of the largest crystalline cluster,
principal moments, asphericity, and acylindricity.
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3.6.2 Largest Crystalline Cluster Analysis for the Equatorial Bias

Scinario

Fig. 3.8. Results of the largest crystalline cluster analysis for the equatorial bias regime at a
density of(𝜌 = 0.5, 𝑇∗ = 0.16). The figure displays: the size of the largest crystalline cluster,
principal moments, asphericity, and acylindricity.
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3.6.3 Largest Crystalline Cluster Analysis for the Axial Bias Scenario

Fig. 3.9. Results of the largest crystalline cluster analysis for the axial bias regime at a density
of(𝜌 = 0.5, 𝑇∗ = 0.08). The figure displays: the size of the largest crystalline cluster, principal
moments, asphericity, and acylindricity.
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3.6.4 Largest Crystalline Cluster Analysis for the Axial Bias Scenario

no Fluctuations

Fig. 3.10. Results of the largest crystalline cluster analysis for the axial bias regime at a
density of (𝜌 = 0.5, 𝑇∗ = 0.08) with no fluctuations in the early stage of nucleation. The
figure displays: the size of the largest crystalline cluster, principal moments, asphericity, and
acylindricity.
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3.6.5 Largest Crystalline Cluster Analysis for the Axial Bias no E-A

Scenario

Fig. 3.11. Results of the largest crystalline cluster analysis for the axial bias regime at a
density of (𝜌 = 0.5, 𝑇∗ = 0.06) with no E-A interaction. The figure displays: the size of the
largest crystalline cluster, principal moments, asphericity, and acylindricity.
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3.6.6 Largest Crystalline Cluster Analysis for the Equatorial Bias no

E-A Scenario

Fig. 3.12. Results of the largest crystalline cluster analysis for the equatorial bias regime at a
density of (𝜌 = 0.5, 𝑇∗ = 0.15) with no E-A interaction. The figure displays: the size of the
largest crystalline cluster, principal moments, asphericity, and acylindricity.
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3.7 | Conclusion

It is of interest to note that a recent study has combined theory, simulation and experiment

to investigate the self-assembly of octahedral DNA origami frames with the use of different

strengths for vortex-to-vortex interactions in the orthogonal directions.46 The experimental

strand of this work has been informed by Monte Carlo simulations of octahedral hard particles

with sticky vertices, where vertex-vertex interactions are modelled by the Kern-Frenkel potential,

and theoretical calculations of the second virial co-efficient for hard spheres decorated with six

patches conforming to the octahedral symmetry. Interestingly, octahedral hard particles of two

types are considered in this study, where each octahedron has four A-type and two B-type

vertices. Only the vertices of the same type on particles of different types attract, with a range

A−A and B−B vertex interaction energies considered while A−B vertex interaction energy set

to zero. The study demonstrates that assemblies of different 3D crystalline morphologies but

the same lattice symmetry, such as cube-like, sheet-like, and cylinder-like, are formed based on

the relative strength of vertex-to-vertex interactions in orthogonal directions.46

Our studies explored how an energetic bias applied to wither axially or equatorial on a non-

binary system can influence the self-assembly of colloidal simple cubic crystals from octahedral

patchy particles. As compared to the control scenario, in which case no energetic bias is at

play concerning the patch-patch interactions, the biasing does not significantly enhance the

quality of the simple cubic crystal, thus self-assembled. Notably, the equatorial-bias scenario

appears to resulted in a crystal structure of slightly better quality than the control scenario,

as indicated by the calculated global 𝑄4 parameter. The analysis of the fluid phases from

which the crystallisation occurs in the different scenarios considered in this study reveals that

the crystallisation takes place from a force-structured fluid if an equatorial bias or axial bias

is in operation compared to the control scenario with no bias. The equatorial bias results

in the most structured fluid, which tends to form 2D sheets. The enhanced structuring in

the axial-bias scenario as compared to the control scenario is attributed to the propensity

of chain formation through the energetically favourable bonding between the axial patches.

The crystallisation from these distinctly structured fluids is observed to follow somewhat

different pathways as revealed by the growth of the largest crystalline clusters. It seems that

uniform growth of the largest crystalline cluster in all three dimensions favours the formation

of good-quality simple cubic crystals. The uniformity of this growth is especially affected,

when an axial bias is in operation. In summary, while the biasing scenarios do not appear
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to promote the self-assembly of simple cubic crystal from octahedra patchy particles of an

improved quality, they give rise to different pathways for the crystal growth from distinctly

structure fluids. However, we envisage the colloidal simple cubic crystals thus self-assembled

to have distinct mechanical properties, the study of which should be of interest. In the axial

biasing regimes, a relatively rapid progression of 𝜆2𝑧 and 𝜆
2
𝑦 was observed as compared to the

progression of 𝜆2𝑥 . This phenomenon is symptomatic of 2-dimensional growth. Comparatively,

the equatorial biasing regimes demonstrated near-equal progression of all principal moments

indicative of more isotropic growth of the largest crystalline cluster. Differences between

the regimes were also evident in the asphericity and acylindricity trends. The axial regimes

exhibited an initial asphericity increase followed by a rise in acylindiricty, this is suggestive

of a cylindrical-like cluster formation in the early simulation stages. The equatorial biasing

regime with no E-A interactions demonstrated a simultaneous spike in both asphericity and

aclyindricity during the growth of the largest crystalline cluster before returning to 0 when the

largest crystalline cluster reached 1000. This is in contrast to the equatorial bias regime with

no E-A interaction which exhibited constant non-zero asphericity and acylindricity, indicating

deviation from both 3d and cylindrical symmetry. Interestingly, substantial variations in the

size of the largest crystalline cluster were observed in the equatorial biasing regime with E-A

off, showcasing a dynamic state of binding and unbinding of multiple, large crystalline clusters

throughout the simulation. These fluctuations were also present in the principal moments

as well as acylindricity, asphericity and all principal moments, demonstrating the geometrical

impact the large clusters had on one another. It is of note that the 𝑞4 distribution curves also

demonstrated two distinct crystal environments.

A notable limitation of the A-E off scenario is the absence of cluster moves in the simulations.

Cluster moves are crucial in colloidal self-assembly studies as they facilitate the exploration

of larger configurational spaces, enhancing the simulation’s ability to capture cooperative

phenomena essential in hierarchical assembly processes. The lack of these moves potentially

undermines the reliability of the results in these scenarios, as it restricts the system’s ability to

accurately mimic the dynamism and complexity inherent in colloidal self-assembly.

Looking ahead, the implementation of energetically biased hierarchical assembly strategies holds

significant promise for constructing more complex crystal structures, such as body-centered

cubic (BCC), face-centered cubic (FCC), and hexagonal close-packed (HCP) lattices. Unlike the

simple cubic crystal—which is highly symmetric and has uniform bonding orientations—these

more intricate structures involve varying coordination environments and complex stacking
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sequences. In our studies, the simple cubic structure assembled similarly under both biased and

non-biased conditions, largely due to its straightforward bonding requirements and symmetrical

nature. However, BCC, FCC, and HCP lattices require precise directional interactions and

higher coordination numbers, which can be more effectively controlled through energetic

biasing.

By selectively enhancing specific patch interactions via energetic biasing, we could guide

particles to preferentially form intermediary structures or arrangements with the correct local

symmetries, which are essential for these more complex lattice formations. For example, the

correct stacking order in FCC or HCP lattices, where particles must align in very specific

ways, may be encouraged by energetic biasing that differentiates between different particle

orientations. This would allow the system to avoid disordered intermediate states or incorrect

bonding arrangements that would otherwise occur in a non-biased scenario. Additionally,

hierarchical assembly with energetic biasing may favor pathways where precursor structures

form initially and then evolve into the final target morphology, further improving the accuracy

of self-assembly processes.

These strategies could significantly improve the quality and fidelity of assembled crystals,

especially for BCC, FCC, and HCP structures, which are more sensitive to the nuances of

particle interaction. Ultimately, applying energetic biasing to such systems could open new

avenues for the creation of advanced materials with tailored mechanical, optical, or electronic

properties. Future research into this direction could help overcome current limitations in

colloidal self-assembly methodologies and lead to the precise construction of complex colloidal

architectures through controlled hierarchical processes.
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CHAPTER4
Conclusion

4.1 | Overview

This thesis has discussed and explored the pivotal role of DNA in templating chemistry and

assembly. We have delved into DNA’s application in various synthetic strategies, specifically,

its role in DNA-templated synthesis. Within this topic, the development and testing of a

protection mechanism were carried out, where a unique protection was actualised involving a

short-linker-TAMRA-DNA and a minor groove abasic site. In parallel to the central theme of

DNA, computational sciences were explored, specifically the application of molecular dynamics

and Monte Carlo sampling. Most computations were assisted by bespoke code in Python and

C++ enabling the creation of files and analysis of these systems. Molecular dynamics was

employed in order to uncover the structure-activity relationship which resulted in this unique

protective effect. The final experimental undertaking was concerned with probing how an

energetic bias of octahedral patchy particles affects the pathways of assembly, with the bias

either being applied to the equatorial or axial patches.

4.2 | DNA as a Vehicle for Chemistry

The synthesis of proteins via ribosomes exemplifies a programmable, autonomous, and sequence-

specific synthesis approach, operating effectively in a one-pot system. DNA-Templated-

Synthesis (DTS) emerges as a compelling method to replicate such synthetic strategies outside

the body, utilising building blocks beyond amino acids. A significant challenge in DTS is

the hydrolysis of labile linkages. Our collaborative work with the Turbefield group revealed a

protective effect when TAMRA interacts with a minor groove abasic site, particularly effective

at positions -2 to -4. The HPLC protection assay highlighted the -3 abasic site as providing

substantial protection to the labile thioester linkage.
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Comparative analysis of fluorescent integrals between free and duplex-bound TAMRA indicated

high protection (93%) of TAMRA-modified duplex integrity. The unique TAMRA-abasic

interaction was further validated by comparing elution times between different duplexes.

Extending the study to a longer linker TAMRA, broader protection was noted, suggesting

significant sequestration of the thioester from the hyrodlytic environment irrespective of

inclusion or position of abasic site.

However, for the synthetic viability of this protection mechanism, the shielded reactive building

block must remain reactive towards the intended nucleophile. The Turberfeild group found

that the protection impedes the desired reaction. Therefore necessitating a mechanism for

its incorporation into the DTS context. This mechanism must enable the protection of the

reactive building block and subsequent deprotection to facilitate the reaction between building

blocks. Further work should be done to asses the extent of protection offer by bi-functional

protecting groups. As bi-functionality will be required to ensure the protecting group is not

transferred to the growing polymer-chain during DNA-templated chain transfer.

This first part of the thesis focused on DNA’s utility in DTS, with a particular emphasis on the

protection mechanisms involving abasic sites. The enquiry into this unique protective effect

was aided by molecular dynamics.

4.3 | Molecular Dynamics of the Protective Effect in

DTS

Molecular dynamics were utilised to investigate the unique protective effect of short-linker-

TAMRA-DNA interacting with a minor groove abasic site. The research in modelling the

intercalation of small molecules with DNA exhibited the utilisation of the GAFF and Amber

parm99 bsc force fields for the small molecule and DNA respectively. Owing to this success in

analogous studies both forcefields were incorporated in the modelling for the respective parts

of the TAMRA-linker and DNA-duplex. It was noted that the TAMRA undergoes resonance

between its lactone and zwitterionic forms. Both configurations were modelled under various

salt conditions: neutral and physiological. This study focused on the -3 abasic site with

the inclusion of the +3 site for comparison. It was uncovered that the only scenario to

result in insertion in the intended abasic site involved the -3 abasic site, physiological salt

concentration and the lactone resonance form. Through combining both strands of research it

was concluded that the TAMRA molecule uses its lactone form to insert into the abasic site
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and then undergoes resonance back to the zwitterionic form once inserted. This transition

was determined due to the fluorescence response of the TAMRA-modified-duplex, as observed

in the HPLC protection assay. This work could be extended in several directions. One could

consider modelling the R enantiomer to deepen the specific understanding in this protective

scenario. Following this umbrella sampling could be implemented to uncover the energetics

associated with the binding processes. Expanding this strand with the modelling of other

protective groups aside TAMRA, perhaps investigating how the degree of (𝜋)-conjugation

affects the energetic profiles of binding. Relating to the TAMRA scenario, however, the long

linker could be investigated to gain insight into how this lengthening of the linker introduces

a consistent and independent level of protection concerning the identity and location of the

abasic site.

4.4 | Programming colloidal self-assembly pathways for

simple cubic crystals

The final experimental chapter focused on exploring how an energetic bias can influence

the assembly of octahedral patchy particles. Assembly of the particles was influenced either

through an axial, equatorial, or no energetic bias, with binding either including or excluding

E-A interactions. The attempt to promote hierarchical assembly through an energetic bias did

not result in significantly greater crystal quality. The equatorial biasing with E-A interaction

resulted in the best quality crystals by a small margin. Both axial biasing regimes in both E-A

on and E-A off resulted in poorer quality crystals than the comparative equatorial bias scenario

as per the global 𝑄4 parameter.

With the equatorial biasing regime E-A off resulting in an unusually fluctuating size of the

largest crystalline cluster.

The radial distribution function alongside cluster analysis revealed distinct binding configurations

in all scenarios. Each liquid in all regimes preceded to result in simple cubic crystal structures

to varying degrees of quality. Interestingly the RDF concerning liquid of the equatorial bias

revealed more sheet-like binding configuration as compared to the equatorial without E-A

interactions.

To probe the mechanism of assembly, nucleation pathway analysis was employed. This indicated

the geometries present in the largest crystalline cluster throughout nucleation. The general

trend revealed that the axial biasing regimes resulted in more 2-dimensional growth whereas
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the equatorial biasing regime resulted in more isotropic growth. This conclusion was reached

through analysis of trends in principal moments, specifically, the principal moments exhibited

more simultaneous growth in the equatorial biasing regimes, whereas the axial biasing exhibited

substantially greater growth for the 𝜆𝑍 and 𝜆𝑌 as compared to the 𝜆𝑋 . Intriguingly the

nucleation pathway analysis revealed significant fluctuations in the size of the largest crystalline

cluster, thought to be because of the equilibrium binding of large sub-clusters, however further

work is needed to determine this.

Extensions to this line of work should include a larger-scale simulation of 10,000 particles.

The increase in simulation size can result in differing results due to several factors. One of

those is enhanced statistical significance. A larger system size also offers a more detailed view

of phase transition allowing for the existence of heterogeneities for a prolonged period, this

consequently extends the period of phase transition allowing for greater insight.1 Extension to

this study should also incorporate cluster moves to treat clusters as one body as opposed to

incorporating individual motion to all constituting particles.

Looking ahead, implementing energetically biased hierarchical assembly strategies holds signifi-

cant promise for constructing more complex crystal structures such as body-centered cubic

(BCC), face-centered cubic (FCC), and hexagonal close-packed (HCP) lattices. Unlike the

simple cubic crystal—which assembled similarly under both biased and non-biased conditions

due to its straightforward bonding requirements and high symmetry—these intricate structures

involve varying coordination environments and complex stacking sequences. They require

precise directional interactions and higher coordination numbers, which can be more effectively

achieved through energetic biasing.

By selectively enhancing specific particle interactions, energetic biasing can guide particles

to preferentially form arrangements with the correct local symmetries essential for these

complex lattice formations. For example, encouraging specific stacking orders in FCC or

HCP lattices—where particles must align in very particular ways—can help the system avoid

disordered intermediate states or incorrect bonding arrangements that might occur without

biasing. This approach can improve the accuracy and fidelity of self-assembly processes by

promoting pathways where precursor structures form initially and then evolve into the final

target morphology.

Applying these strategies could significantly enhance the quality of assembled crystals, especially

for BCC, FCC, and HCP structures that are sensitive to the nuances of particle interactions.

Ultimately, energetic biasing in hierarchical assembly could open new avenues for creating
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advanced materials with tailored mechanical, optical, or electronic properties. Future research

in this direction may help overcome current limitations in colloidal self-assembly methodolo-

gies, enabling the precise construction of complex colloidal architectures through controlled

hierarchical processes.

4.5 | Concluding Remarks and Future Directions

An extensive scope of science was covered throughout this thesis, ranging from bio-chemistry-

based wet-lab work concerning the analysis of a unique protection mechanism in the context

of DTS, to computational-based enquiry ranging from molecular dynamics to modelling

colloidal self-assembly with Monte Carlo simulations. The combination of experimental and

computational research highlights the importance of both disciplines. Exhibiting the practicality

and real-world insight gained from wet-lab work, whilst drawing attention to the great versatility

and analytical capabilities of computational research. Experimental work discovered and to an

extent quantified the unique protective effect whilst computational studies were implemented

to elucidate the nature of the interaction and to explore pathways of colloidal self-assembly to

the simple cubic structure. This thesis has explored the utility of DNA in both synthesis and

assembly, through the showcase of DTS and colloidal self-assembly respectively. Furthermore,

the discoveries and insights gained in this body of work lay the groundwork for future research

enabling the advancement of synthesis and assembly processes.
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