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ABSTRACT

Having control over the sequence is the ultimate key to achieve the high degree
structural control over polymeric materialBhe ability to control the sequence of
building blocks in polymer leads to precise, wekhnaged synthetic macromolecules
with unique and ordered chemical and physical properties. Synthetic
macromolecules have entered almost every aspect of modern life, but the use of
sequence (as is so potent in biology) has not yet been integrated. However, in the last
few years, it has been demaased that sequencelfined bieoligomers such as
oligonucleotides or oligopeptides can find applications in the fields of data storage,
biomedicine, drug delivery and nanofabrication because of their versatile physical
and chemical properties. Nature planet earth is directed by poly(phosphoester)s
(PPEs) in the form of deoxy & ribonucleic acid (DNA & RNA), and, as
pyrophosphates, they store up chemical energy in organisms. Taking the organic
polymer synthesis to the next level, we are synthesizing esegdefined
poly(phosphodiester)s using a library of amucleosidic monomers. We employ
diols as monomers, each bearing a unique functionality such as long chain alkyls,
aromatic or heteroaromatic rings. We have adapted the automated solid phase
phosphoamidite synthesis commonly used for DNA to make our sequaeiteed
polymers, allowing us to programme and print specific sequences withlLéease.
proteins, these polymers then sadisembly in a sequendefined fashion to give
uniform particles. These nanoparticles were studied using different analytical
methods such as DLS, AFM and gel electrophoresis chromatography. Due to their
biocompatibility and biodegradability, the PPEs are potentially capable of

participating in molecular recagion or directing intracellular drug delivery.
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Chapter 1

1 Introduction

1.1 Polymers

Polymers are large, chalike molecules made from small repeating units called
monomers. Natural as well as synthetic polymers play a crucial role in everyday life.
The physical and chemical properties émactions of a polymer are determined by

the monomeric unit@nd the length and distribution of lengths of the polymer.
Polymers can be divided into two main categories, homopolymers which include
many copies of a single repeating units, and copolymershwhcludes two or more
different units. Polymer properties are strongly dependent on their architecture, and
primary structure (the order of the monomers) is vital in determining the eventual
properties of the resulting polymer. The simplest type of petyarchitecture is a
linear chain; however, the introduction of branch points leads to a wide variety of
potential, more complex, architectures. The possibility of controlling monomer
sequences in polymers provides the ability to control the informatidheasub
molecular level in the polymer chains, opening up interesting prospects for advanced
polymer synthesis. Two subsets of copolymers exist: while sequwent®lled
polymers have approximate control over the polymer length, choice of monomers,
their ratio, and order, sequendefinedpolymers have uniform, perfectly defined
sequence polymers with precise lenithth respect to sequence, when compared to
their biological counterparts, synthetic polymers appear very primitileeexpected

that morecomplex and advanced materials would be made possible with higher level

sequence regulation.
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Table 1.1 Comparison of natural polymer with synthetic polymers.

Primary Folding Selfassembly | Functions
structure
Natural Define the Can have Controlled by Structure
Pol sequence at | programmed | molecular Catalysis
OYMETS | monomer Uniform recognition and | Communication
level structures monodisperse | Data storage
e 9. |S UCh a§aggregates will
hel i x |form
wma =%
Synthetic | The sequence Disordered Hydrophobic Bulk materials
Polymers | control is and selfassembly Rheological
limited to N i structures will control
block- st(r)rz:ttmrleosrr\?vill form to give Nanopatterning
copolymer uctu micelles, etc. Drug delivery
form
level
s 2 2

"t

Artificial sequence polymers

have potential for high stability and scalable synthesis
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Figure 1.1 Degrees of sequence regulation of polymers.

1.2 Biopolymers

Biopolymers are polymenshich occur in nature, or in modified biological systems.
Nature contains many examples of biological polymers: nucleic acids
(deoxyribonucleic acid and ribonucleic acid), proteins, polysaccharides (starch,

chitin), and other materials such as lignin.
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Nucleic aids and proteins arthe two of the most significant biopolymers. In
contrast to starch, lignin, etc. proteins and nucleic acids can have variable side chains
with different chemistries which are important in their structure and function.
Proteins and nuieic acids have perfectly defined chain length, monomer sequence
and chirality. The precise control of the primary sequence provides structural and
functional diversity which drives the molecular complexity required by all living
organisms. Sequence defthbiopolymersnvolve in protein engineering and DNA
templated polymerizations and they also serve as molecular information storage and

participate in molecular recognitids.

1.2.1 Sequence regulatidn biopolymers

The specific monomeric sequences underlining the primary structures of these
macromolecules determine their highly specialized functions. This remarkable
control at the molecular scale is extremely important, as this specific sequence
deternine the 3D structures and the folding properties of the natural polymers.

Examples include protein foldirand storage of genetic data.

1.2.1.1 Nucleic acids as sequendefined biopolymer
Nucleic acids are built from nucleotide units. These are comprising obfotveo
sugars (ribose and-8eoxyribose which respectively generate RNA and DNA) on to
which nucleobase is appended to give a nucleosigdosphate groujs added to
the 56 OH to give a nucleotide. I n a nu
joined through the phosphate group of one nucleotide to OH group on the carbon 3
of the sugar unit of a second nucleotideyield a phosphodiester linkage. The
resulting strand is a polymer (a polynucleotide) whose backbone is a resemjang
phosphate chain with a variable heterocyclic nucleobase attached to the side. DNA
exists in the cell nucleus and stores the genetic information of living organisms, the

20
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blueprint of its life. The base sequence of DNA encodes all the informatiois that
needed for reproduction. DNA replication is a critical event in the cells. However,
errors can occur at this stage, anddom changes might take place in sequence of
bases and it could result in damaged unrepaired DNA which may give rise to
mutations DNA carries the genetic information for making protein and the sequence

of DNA determine the order of amino acids in a protein molecule.

The DNA double helix structure contains a specific sequence of four types of
nucleotides that are specified by thedsmadenine, guanine, cytosine and thymine.
Complimentary baspairing occurs between A:T and C:G, and is mediated by
hydrogen bonding between the nucleobases. Dettdaded DNA has very well
defined dimensions, which make it a useful monomer for nanoialatt The right
handed doubkelical B-form DNA is the most common DNA structure, with 0.34

nm between each base, a helical pitch of 10.5 base @adrs, diameter of 2 nm.

- o 3 5’ EmD Adenine
IS |5 NONH =X Thymine
Nitrogenous base (/N\"/M‘ A, e :
o N NS D Guanine
T ) rseomen Tl ==X Cytosine
O —=P=0 \ o NH3
& &y O
NS P 5 NS
Phosphate L AN e
p Base pair

Cuanine (G) Cytosine (C)

Sugar-
phosphate
backbone

Sugar

Monomer

Figure 1.2 Structure of DNA a) monomer b) adenine pairs with thymine and
cytosine pairs with guanine.
(Imageavailable atttps://chem.libretexts.org/Bookshelves/Introductory Chemistry)
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Unlike DNA, RNA is present mostly as singdgands and has adenine, guanine,
cytosine, and uracil as bases. There are three major types of RNA which play a role
during the journey from DNA to protein (messenger RNA (mRNA), ribosomal RNA
(rRNA), and transfer RNA (tRNA)), which are distinguished first by function and

structures at mmmer and 3D levels.

Since sequence is central teetbiological purposes of nucleic acids, they must be
synthesised in a sequerndefined manner. Sequenate y n e d nucl ei ¢ a
synthesized in two main polymerization processes: replication, and transcription. In
replication processes, doukdtranded DM with a specific sequence structure is
separated into its two strands, and each will act as templates for the new strands of
DNA. DNA polymerase adds bases complementary to the newly generated DNA
strands to create complementary strands. In the transaripiechanism of DNA to
MRNA, the information in DNA is transferred to a messenger RNA (mRNA)
molecule with the help of RNA polymerase. During transcription, the DNA of a gene
serves as a template for complementary ipa@seng. The resulting mRNA is a
single-stranded copy of the gene, which next must be translated into a protein

molecule®’

1.2.1.2 Protein as sequeadefined biopolymer
Proteins are biopolymers with specific sequesider uct ur e construct ed
amino acid monomers, and they are one of the most abundant organic molecules in
living systems and have the most diverse range of functions of atbmalecules.
Each amino acid consists of a carboxylic acid, with an amino group on the (alpha)

carbon The alpha carbon also displays a variable side ¢hain.
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Figure 1.3 a) Amino acids with a variant group(R) (b) Amino acid in different PH

Amino acids can act as both an acid and base due to the presence of the amino and
carboxyl functional group®mino acids are zwitterionsnolecule with at least one

has positive and one negative electrical charge on functional groups. The (neutral)
zwitterion s the usual form amino acids exist in solution and depending on the pH,

there are two other forms, an anion at high pH and a cation at Iéw pH.

There are 20 proteogenic amino acid side chains and based on their chemical
properties, the amino acids can be divided in to four groupsopkdbic, polar
uncharged, c har g e dheseasidedchains qame ioteract withcames e s 0 .
another to cause the polymer chain to adopt certain shapes or conformations. Side
chain modification can be used to improve functional as well as conformationa

properties of polypeptides.
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The primary (i.e., sequence) structure of proteins determines the secondary, tertiary,
and quaternary structure, thereby influencing the biological properties and functions
of proteins. Proteins may be structural (e.g., keyatollagen, elastin), regulatory

(e.g., the Lac repressor protein) contractile (e.g., myofilaments, myosin), or
protective (antibodies). Protein may also servehiemical processes (i.e., enzymes),

in transport, storage, or as membrane components apddhebehave as toxins or
medicine. Proteins are synthesized by a translation process where mRNA serves as a
template. During the process, the nucleotide sequence of the mRNA is transcribed

into an amino acid sequence, ensuring sequdafieition.

1.2.2 Engineered SelAssembly of Biopolymers

Selfassembly is a process in which a disordered system forms an organized structure
without external direction. In the context or sequeteined polymers, sel
assembly, refers tqrocess which organized struauspontaneously forms from

individual components.

Depending on the conformation and stereochemical configuration of the constituent
amino acids, for proteins, the two most abundant secondary structural elements are
known -hed i ¢e sheetsn Theseb rtits have been taken out of their
biological setting and used to create synthetic materials. In 1974, It was proposed
that polypeptide chains taking cyclic ring structure could-astemble by stacking

to form peptide nanotub&d.ater engineered structurers of cyclic peptide nanotubes
were developed by Ghadiri and-smrkers!?!2 The authors haveormed a planar

ring that could be sekissembled, one on top of the other, to form tubular structures
of the desired diameter using the concept of alternatingnD L-amino acids in the

context of a cyclic peptide. Lanreotide is anotbyelic peptide that was shown to

selfassembl e i nto t ubudheet which formogéluhawesalso Re g u
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been reportedf Self-assembly has provided a powerful way of making materials and
organizing them into functi@ constructs designed for a specific purpose and, the
ability of peptides and proteins to adopt specific secondary, tertiary and quaternary

structures provides unique opportunities for the design of nanoscale maférials.

primary secondary tertiary quarternary

. <
T S8 =
200039900 Sy WL
. L ‘¢ .«
Aminoacid sequence 2] b BN
Rer A
. » Py
& & B
- D

a-helix B-sheet 3D shape Inler;)rotein assembly

Figure 1.4 Levels of Structural complexity of proteins. Defined principal
architecture of biopolymers leads to formation of secondary and tertiary structures.
Adapted with permission from reference (CrystEngComm 2015)

DNA generally forms helical structures out of base complementary (We&tsck

base pairing) in duplex, and it is one of the most promising candidates for fagitom
selfassembly. Singlstranded DNA can seHsseml# into nanostructurewhich

able to act both as a structural and functional element. DNA nanostructures are
relatively easy to design and fairly predictable in their geometric structures which

leads to a growing interest on the fiéld.

Programmed selissembly is highly effective for generating a wide range of
structures with desired structural shap&NA can easily be paired with a
complementary sequence and that allows pi@ces of DNA to stick together.

Seeman and his group proposed that DNA could be used as a regular physical
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material for the selissembly of various 3D nanoscale structtf&8.Branched

DNA junctions are known to be a crucial part of biological processes, but it was the
visionary idea of Seeman to repurpose these for structural appigakiis original

idea was that DNA junctions, assembled into a crystalline array, could be used as a
scaffold for the organization of macromolecules, such as prdteifis. create
desired nanostructures with DNA, it is needed to construct rigid building blocks for
use as assembly units. Douoi®ssover (DX) junctions can act as building blocks

for the formation of longange DNA lattice$23 Their design is based on a pair of
Holliday junctions fused through a pair of doublices, and they have high

stability.

In 2006, Rothemund introduced the concept offfsted DNA origamf. The
origami method design utilizes short stranded, (staple DNA strands that direct the
folding of a long singlestranded DNA, (scaffold strand) into desired shapes and
patterns such as squares, fp@nted stars, disks, and smileycés. In 2009, three
different strategies to take the origami method into three dimensions were reported.
With the reported strategies, six different scaffold strands were used to form the six
sides of a large cube and one side acted as a lid which coofstbed in response to

a specific DNA inpug?

Apart from that, many other strategies are also possible sucbnaspt of single
stranded DNA tiles introduced by the Yin
complexityto DNA origami without the need for a scafféfiLater they extended

the method to create 3D Ledjke bricks2°
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Figure 1.5 Structural DNA nanotechnology A) Conventional Waid0rick
hybridization B) Holliday junction enables a nepproach to create a 2D DNA
array or 3D DNA cub® C) DNA origamienables users to create large nanoscale
objects with arbitrary shapes D) DNA bricks enable users to create any arbitrary
nanoscale objects similar to Leé§o Adapted with permission from reference
(Advanced Optical Materials 2079)

1.3 Biological Inspiration

Supramolecular chemistry enables the development of large multicomponent

chemical systems. These complexes are held together by noncovalent interactions

bet ween mol ecules such -"asnteamactdieosnsWag@il r

bet ween mol ecules carrying ~ systems)
metatligand coordination, and mechanical bonds. Supramolecular chemistry is
inspired by natural systems which also large and complex molesdamblies held

together by the same types of interaction.

In biological systems, function is determined by structure, and the structural control

covers molecular to the macroscopic levels. In such a system, havindefve#d
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building blocks is essentidab avoid functional failures. Biological systems create
ordered supramolecular polymers which present ordered internal structures and
determined shapes. As much as we would like to be able to produessaiibling
systems mimicking nature and/or cresystems with same complexity as nature, the
process of creating such a system is limited by our current understanding in terms of
predictable structural and functional assembly when many components and
interactions are involved. Furthermore, biological ypatrization strategies offer
almost perfectly well defined and large (in terms of molecular weight) polymer
products, which is another challenge when it comes to emulating nature. However,
systems with nomatural building blocks have their own advantagegh as
unlimited backbone and side chain possibilities, as well as tuneable solvent

compatibility.

Although it is a great challenge, scientists take advantage of supramolecular
chemistry and to design complex nanoscale architectures displaying different
architecture and functionality. For example, DNA nanotechnology is a branch of
nanotechnology, (understanding, control, and application of synthetic structures to
create new and improved materiafsyvhich the predictable hybridisation of DNA is
used to faricate finely detailed nanostructures. Researchers have combined these
two concepts, supramolecular chemistry, and DNA -astembly to create
supramolecular DNA nanotechnology in which DNA is put together with- non
nucleosidic molecules. For example, argaaliphatic molecules can be used to
construct branched DNA building bl ocks
produced a supramolecular DNA hexagon which was used as an organizational

scaffold for gold nanoparticléBecause of their broad capability, biomolecule-self
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assembly has emerged over as yabhr i d met hodol ogy t hat

molecular tools with synthetic nanoscale constructs.

1.3.1 Bioconjugates

Bioconjugation is a powerful and simple way to integrate the properties of two
individual components: biopolymers and synthetic polymers, covalénked to

give polymer bioconjugates. These hybrids have proved utility in a number of fields
including drug delivery (enhancing solubility and therapeutic activity of bonded

biological moleculesy, biomimetic sensof$or gene therap$*

1.3.2 Peptide/Protein polymer conjugates

The modification of biomacromolecules through the attachment of synthetic
polymers has led to a new family of highiglvanced biomaterials with enhanced
properties’? Chemical modification of proteins can enhance protein stability in
biological systems and construct protdimig conjugates. These advancements are
critically importan in biological applications. Polypeptides can be covalently bound
with simple synthetic polymers and the resultant bioconjugates have the potential to
combine the advantages of both biological and synthetic molecules. For example,
proteins are often comted with poly(ethylene glycol) (PEG) and properties of PEG
such as biocompatibility, lack of immunogenicity, antigenicity and toxicity, and

solubility make this a perfect candidate for bioconjugatfon.

Molecules that have an affinity for water are called hydrophilic molecules and those
that naturally repel water is called hydrophobic. Attachment of hydrophilic methoxy
PEG to bovine serum albumin was reported around 1970, and this bioconjugate was
introduced to extend blood life and control immunogenicity of protéifise field

of polymer bioconjugates is very broad due to the diversity of bidbgiclymers
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and synthetic polymers that are available for conjugation. This leads to a wide array
of physical, chemical, and biological properties, and hence distinct potential

applications:t3?

1.3.3 DNA polymer conjugates

Block copolymers are comprised with two or more chemically different molecular
chains to create macromolecules and-asfembly of block copolymers cha used

to design and control the shape and dimension of resulting nanostructures.
Amphiphilic block copolymers, can sedksemble into spherical micelles (spheres),

cylindrical micelles (cylinders), lamellae and vesicles vesitlés.

The capacity to organize funatial groups into weltlefined, arbitrary pattern is a
unique feature of DNA nanostructures. DNA sequence, the properties, and functions
of DNA block copolymer (DBC) materials can be finmed for designated
applications. For instance, conjugating hydréphpolymers results in watesoluble

DBCs, which can be used for hydrogel formatidn.

DNA can also be conjugated with a synthetic hydrophobic polymer to obtain
amphiphilic DNA block copolymers which can saésemble into micellar structures
with hydrophobic core inside and hydrophilic DNA corona at the surface. Several
researchers have wad on investigating the assembly of the different kinds of
polymers covalently attached with singitand DNA (ssDNA). For example,
Mirkin reported on poly(styrene) (PS) attached to a short segment of-straheled
DNA (ssDNA), and assembly behaviourtbe amphiphilic DNA block copolymers
successively® The same group have also developed a strategy to prepare DNA
brush block copolymer micelles with a biodegradable core of polycaprolactone

(PCL) and a dense layer of oligonucleotides as the cdtona.
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As a novel hybrid material, DBCs behave with a higher level of controllability
because of the very wellefined primay structure of DNA which also makes it ideal

as a material of construction. In 2016, the Sleiman group reported trassethbly

of sequencelefined hydrophobic polymers on DNA cages based on the synergistic
action of hydrophobic interactions and precis#se pairing interactiori$. Block
copolymer seHassembly is a useful fabrication method used to create materials for
wide-ranging practical applications such as nanolithography, -ddixgery, and

catalysis®®

1.3.4 Strategies for sequence regulation

Creating welordered synthetic ppier sequence and manipulating the resulting 3D
architectures has so far been restricted to simple structures in comparison with their
biological counterparts. Polymerizations based on biological approaches are highly
efficient. However, synthetic chemigtoffers many more possibilities in terms of

chemical diversity.

1.3.4.1 Templation methods

Template polymer Template polymer

T I I, I I X T
) { \ { | ( ) { ) [ . |

I1XY I1YY.

Daughter Polymer

Interaction along Template

Figure 1.6 Template polymerisation principle.
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Development of sequence regulated materials has been inspirexhbateassisted
procedures as seen in the natural synthesis of biomacromol&tdilds. such
approaches, the monomer units are linked to a performed macromolecule and
polymerized. The use of informatigith biopolymers as templates for the
generation of synthetic sequerspecific polymers seems a promising approach
towards the ultimate goal of precise monomer positioning, and DNA has been

identified as a potential template for polymerisation.

Gilham and ceworkers reported the first neenzymatic template directed réan

in 1966°. In the presence ofatersoluble carbodiimide, the synthesis involved

|l i gation short t hyphosghatese®n oligoddenylateuemnplaes.t i d e
In 2002, DNA nano scaffolds has been a synthesised using template method by
Lars®and Lynn** Then in 2003 Lynnds concept of r
peptdenucl ei ¢ acids (PNAs) was further deve
amine acylatioff and later they developed a strategy to translate DNA templates into
sequencalefined synthetic polymers unrelated to nucleic atidsA variety of

synthetic polymers were obtained using macrocyclic PNA adapter, which contain
reactive groups (A or B) that can be used to hold the PNA anticodon tieng

template to form long sequenspecific polymer§d(Eror! Reference source not foung,
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Figure 1.7 Sequenceontrolled polymers. (a) Macrocyclic building blocks with
five-baselong PNA anticodons assemble on a DNA template and can be coupled
through the reactive groups A and B to generate seqieamtelled polymers that
bear no structural resemblanienucleic acids. (b) Examples of polymer building
blocks that can be stitched together to form sequdafieed materials using this
approach. Adapted with permission from reference (Nature Chemistry°2013)

1.3.4.2 StepGrowth Polymerizations
Stepgrowth polymerization is a stepwise reaction wherefubctional or
multifunctional monomers add up to form a polymers step by step. In a step growth
process, reaction proceeds rapidly at the beginning, but the molecular weight
increases slowly so Higmolecular weights can only achieve at the end of the

process.

In terms of monomer sequence regulation, step growth polymerisation leads to poor
controlled chain length and molecular weight distribution. Even though the method
has some limitation, stegrowth polymerisation can be used to create complex
sequenceontrolled copolymer structures by introducing different monomers

sequentially.
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Lutz and ceworkers employed azide alkyne cycloaddition to prepare functional
periodic copolymerd. Another route involving stegrowth radical polymerization:
which a polymer forms by the successive addition of-feekcal building blocks,
develged by Kamigaito and coworketsin the process both radical and cationic
polymerization processes are active in a single reaction, and this allowed two
different monomers that react via different mechanism to integrated in to same
pol ymer c hai nroup Kyathesized pdriadic SABC@eriodic vinyl
copolymers using metalatalyzed steygrowth radical polymerization. A orfgot
sequencespecific polymerization strategy was developed for the sequential addition

of monomers by You and coworkers?*

In each step, different monomers were added to the chain. Recently, Meyer and co
workers have investigated a stgqowth strategy tgorepare sequenamntrolled
PLGA>®" Ring opening polymerisation is a polymerisation process where the
terminal end of the cyclic molecule is reacts with another cyclic menohence
opening its ring system to form a longer polymer chain. Usually poly(actic
glycolic acid) (PLGA) copolymers argynthesized by ring opening polymerization

of lactide and glycolide that leads to random sequenthsy are important
biodegradale polymers for biomedical applicationsyt sequence control of these
polymers may lead to more precise control of size, degradability, and thermal

properties.

1.3.4.3 Chain growth polymerisation
Chaingrowth polymerization involves the addition of monomeraraactive centre
of the growing chain, and it can proceed via radical, anionic, cationic, or ring
opening mechanisms. Chain growth polymerization is usually performed in one pot,
and therefore chaigrowth copolymerization was not classically sequercrlated.
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This irregularity is derived from the poor regulation in polymerization reactions such

as some side reactions and crpegpagation with comonomers.

Radical polymerisation is a chagrowth process, in which polymer grows by
successive insertion aionomer units through their double bonds. In the 1990s there
has been a new method introduced for synthesis of seguaentielled polymers,
combining living polymerisation with conventional radical polymerisation. The new
method is called controlled/ling radical polymerisation (CRPJ5° In a living or
controlled/living chairgrowth mechanism, all chains are initiated and grow
simultaneously. This technique allows the synthesis of macromolecules with
complex topologies such &$ock copolymes, graft copolymers or multifunctional

stars.

Reversible additiofiragmentation chain transfer (RAFT) polymerization is highly
favoured for wide range of functional monomers and promotes homogeneous chain
growth leading to low polydispersify:®2 Single monomer addition strategy with
selective monomers was first reported in
applied this strategy for their living cationic polymerization of vinyl ethers and

styrene derivatives

1.3.4.4 Multistep growth synthesis
Multistep growth synthesis is the best available strategy granting the initial access to
sequence defined polymers. In this metimonomers are added stepwise during the
process with freely selectable number of monomers. $blede synthesis is a
multistep growth synthesis method where one of the reactants attached to insoluble
solid support (crosBnked polymer beads, controllgbre glass, solid nanoparticles,

soluble polymer supports, or fluorescent tags) and the transform to give the resulting
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product. The rest of the components are in solution. This approach was first
introduced by Merrifield at the beginning of the 1968 snd has been widely
applied for preparation of peptidfésnd oligonucleotide®. The insoluble solid
supports allow reaction of suppdrbund, enegunctionalized monomers in a step
by-step manner. The other reactive groups in the monomer are protected to avoid the
sidereactions.Therefore, at the completion of each step, the excess of reagents is
washed away, and products can be conveniently isolated. mé&ihod has been
usually studied for peptides and oligonucleotides but also utilized fonaiomal
bio-oligomers and foldamefS.More recently, solid phase strategies have also been

investigated for synthetic polymets.

1.4 Phosphorous containing polymers

1.4.1 Phosphorous in nature

Many cellular compounds contaitn@sphorus as an essential element. It occurs as a
building block in genetic materials (DNA and RNA), in the energy currency
adenosine triphosphate (ATP), and in phospholipids which form cell membranes.
Free elemental phosphorus is highly reactive as anesieand more stable as a
compound with bonds to other elements such as oxygen. Therefore, in biology,
phosphorus occurs mainly in the form of phosphate esters. DNA and RNA are the
carriers of genetic information and carry the instructions for growth,|a@vent,
functioning, and reproduction of cells. ATP, which is responsible for a large part of
energy transfer in living cells consists of adenine linked to a ribose sugar which is
connected to a phosphoester anhydride (pyrophosphate) of three phospisate un
Overall, the phosphate group is perfectly suitable for many applications in nature and

serves as one of the most versatile elenfénts.
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1.4.2 Approach for phosphorousontaining nomatural polymers

Synthetic chemistry gives the opportunity to the formation of many more phosphorus
-derivatives to build up polymers with various properties. Phospfuamisining
high-performance polymers tia been extensively studied during the last few
decades. Phosphorus forms mostly trivalent or pentavalent compounds and forms
various polymeric compounds havingPR? RC, RN and PO linkages. Phosphorous

can be introduced into the polymer backbones arnd/the side chains in a variety

of chemical structures. There are many reports and patents, on the synthesis of
polyphosphate polymer derivatives including polyphosphates phos$dfittes

phosphoramidas’® and polyphosphonatés’?

1.4.3 Polyphosphoesters (PPES)

Polyphosphoesters (PPEs) are phosphecoasaining polymers with robust
phosphodiester bonds in the main chain and they have stiwitoiarity to nucleic

and teichoic acids. PPEs are noted for their fire resistance, plasticity, lubricity, and

thermal stability.

Poly(phosphoester)s
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Figure 1.8 Subclasses gdhosphorus (MEontaining polymers.
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In PPEs, the phosphorus atoms in the polymer backbone are pentavalent and it can
be functionalised both on the main chain and on the side chain. PPEs are categorized
into different structural modifications; poly(phospds, poly(phosphonate)s,

poly(phosphate)s and poly(phosphoamidagEigure1.8).

Due to their ability to adjust the properties into unique situations, biocompatibility,
biodegradability, and structural similarity to nucleic and teichoic acids PPEs are
attractive for biomedical applications, such as tissue engineering, drug and gene
delivery. These applications require materials with advanced properties, especially
customizable or tuneable materials with bioactivity. These highly organized PPEs
are biodegradable through enzymatic digestion of phosphate bonds under
physiologic conditiong®’® In 1970s Penczek and -wmrkers focused on the
development of efficient methods of polymerization, and their efforts were driven by
the remarkable structural similarities between PPEs and teichoic and nucleit acids.
The groupdeveloped the first strategs towards the PPE synthesis (mainly water
soluble) and the potential biological applications. PhospHoased flame retardants

are an important category in flarmetardant systems and are widely used as an
additive in engineering plastics because of sisokefree, nontoxic, and nomn
corrosive products. Polyphosphonates and polyphosphates are of commercial interest
because of their flameetarding characteristics and their potential as -high
performance plastié¢§’In between two extremes of nucleic acids and plagtes

is an emerging area of chemical space, that ofrrataral precision phosphoesters
and high definition polyphosphoesters: between nucleic acids and plastics was

discussed in oueriew in 201&°.
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1.4.4 Polyphosphoesters via Ring Opening Polymerization and Polycondensation
PPEs can be prepared by various synthetic routes. James Arvin reported the
synthesisof aromatic polyphosphates by the polycondensation of phosphorus
oxychloride with bisphenol ¥ for the first time in 1936. Polycondensation is a step
growth synthesis approach for phosphorus containing polyamer®ne of the most
widely used methods for the preparation of PPEs due to readily available
monomers$! PPEs can be synthesised with reacting diols with an equimolar amount

of dichlorophosphate®:23

i

ROPOCI, + HO-R'-OH éP—OR'O%
- HCl !

OR n

Schemel.1 General polycondensation of phosphorus dichloride with diols

Direct polycondensation requires a relatively high temperat@g(0 ) in orde
complete the reaction. Usually, the reaction is carried out in the inert atmosphere and
evolved HCI can be removed by passing gas through the reaction mixture. The
drawbak of this process is that, at a higher temperature the ester group in starting
dichloride may patrticipate in transesterification and may lead to insoluble polymers

with side reactions being difficult to eliminate, although they can be limited when

using aomatic diols with aromatic dichlorophosphatés.

PC + L o~OH ——— o0 —= o, o
R
cl o cl

POCl; + ROH — = CI—P-OR + ,o~OH —
1
!

Schemel.2 Classical strategies for the synthesis of cyclic phosphoesters.
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In addition to polycondensation, typical riogening polymerization (chain growth
strategy) of five or sixmembered cyclic phosphoesters is applied for PPE synthesis.
The polymers preparedybsuch methods may carry functional (pendant) groups,
which allow further postpolymerization modification by different techniqdss
technique is capable of a wide range of resulting polymers, -saligilé¥ & to
hydrophobié’®® depending on the character of the pendant group on the cyclic

phosphorusontaining monomer.

1 @]
td N |‘
Il + n O\ ’O | P\O/\R']O
Z, \Z |
o z

Z = alkyl, aryl, Oalkyl, Oaryl

R'= (-CHz-)23

Schemel.3 Ring-opening polymerization of cyclic phosphoesters.

1.4.5 Chemical synthesis of sequertefined poly(phosphodiester)s

DNA is naturally the most important phosphate based functional polymer. The
formation of phosphodiester bonds bet wee
and the 506 hydroxyl of the other monomer
formation. The fist successful dinucleotide formation was reported by Michelson

and Tod in 1955. The product was-56onfor

internucleotide phosphodiester linkage in DNA.

It was a major challenge in DNA synthesis to achel/¢éhe right identity and order
of the desired nucleobases in the sequence and, Khorana-awadkers developed a

method to overame this early challenge with phosphodiester chem?&f§Using
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the potocol, oligonucleotides of a few bases could be synthesized conveniently. The
method had advantages, as the efficiency of each coupling step can be calculated by
measuring the absorbance of released DMT cation. However, the utility of protocol
was limitedbecause of branching at the internucleotidic phosphate linkage and the

time-consuming purification after each coupling step.

Later in the 1975, Letsinger introduced the chlorophosphite method or phesphite
triester approach:®2 The introduction of trivalent phosphite compounds instead of
pentavalent phosphate compounds was based upon the fact that P(lll) derivatives are
more reactive than corresponding P(V) compounds because P(lll) derivatives are
easiy oxidised into P(V).The method opens a window for the investigation of
backbone modification. Later, Letsinger 0

Caruthers39%4

Marvin Caruthers developed phosphoramidite chemistry in the 1980s for
oligonucleotide synthes®. This method was later enhanceyl combination with
solidphase symtesis techniques and, today it is the first choice for oligonucleotide
synthesis.The phosphoramidite reagents permitted full and easy automation of
oligonucleotide synthesis. The method consists of adtp cycle that adds one

base at a time to a gravg chain attached to a solid support. First, the synthesis
begins with deprotecting theydroxyl group of the unit that is attached to a solid
support using trichloroacetic acitb obtain free hydroxyl groups at-&\d of the
nucleoside, if already presg. Second a new DMprotected phosphoramidite is
coupled to the 5N hydroxyl group in the
to form a phosphite triester. Third, a
hydroxyl groups stopping further nuokide additions sdhere are no deletion
mutations, only truncated products. Acetic anhydride activated by DMAR- or
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methylimidazole is usually used in this step as capping solution. Fourth, iodine
oxidation converts the phosphite to a phosphditiech males it more stable in acidic
conditions, producing a cyanoethyl protected phosphate backbone. To allow the
cycle to continue, the DMT protecting growb the newly attached monomer is

removed and this detritylation step is usually monitarsidg its UV absrbance to

track coupling efficiencies as individual bases are added. It is proven that a DMT

based protection strategy is the most beneficial when combined with
phosphoramidite chemistry on solid support sysbecause of the strong absorption

of DMT cation which can be used to spectroscopically evaluate the yield after each
coupling®DNA bi osynt hesi st odiedips, edding momomdrsh e 5 Nj
only to the 3' end of the growing strand, which makes it impossible for DNA
polymerases to synthesize both strands simultaneowslgreasphosphoramidite
oligonucl eotide synt hesi s proceeds 30 t
biosynthesis because the growing oligonucleotide is connected to the solid support

via the 3Ny carbon, andi5tNhuws regnt measi s pr

1.4.5.1 Oligonucleotide modification towards naoratural
poly(phosphodiester)s
The modified oligonucleotides, with improved properties, can be used in the
sequence specific control of gene expression and have immense potential as
therapeutic agerits Both the sbid phase synthesis of oligonucleotides and the
enzymatic incorporation of nucleotides into a template move forward in last several
decades allowing researchers to synthesize-bmmgenic bases and backbone

modification.

Non-nucleosidic phosphoramidites rdeed from substituted diols and, 3i3ol
system has been used to construct themareosidic backbone to create a wide
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rangeofnomuc | e os i di%Most commercfally availabde.nemucleosidic

omodi fiersd are florescent probes or act
conjugation of the oligonucleotide to another speidhere is also another type,
commonly <called O&6spacerso. Spacers ar e,
space either within an oligonucleotide sequence or between the oligo and they are
able to break the usual helicity of DNA.This provides greater conformational
flexibility to DNA strands. Hairpin loops are a common form of nucleic acid
secondary structure that plags essential and common role in gene expression and

DNA recombination and transpositiSnand these structures can be achieved easily

using spacers. Precise length of the spacer arm can be controlled with multiple
additions of different length spacers which is important in hairpin DNA structure
formation. There have been various studies ugitigo ethylene glycols from
tetraethylene glycol (TetEG) to octaethylene glycol (OE®), hydrocarbon chains

(C8Bto C16)°t 0o i nvestigate what tucteres®paesstalso space
play an important part in DNA nanotechnology. Sleiman has used phosphoramidite
chemistry to create a series of dendrons with two to eight branching and spacer units

to create highly unusual structures. By attaching an orgahible dendron
comprised of splitters and four HEG chains to a DNA strand, a macroamphiphile

was created®® When assembled in a mixture of acetonitrile and aqueous buffer,
these short block copolymers creatd st i nct |, l ong range fib
HEG chains with C12 chains (with or without C6 spacers), the group was able to
produce DNAamphiphiles which selissembled in water, to give micelf¥s Most
recently, DNA amphiphiles have been decorated for constructing more complex
architectures, such as hollowed vesi¢f8DNA amphiphiles have shown great

promise as drug delivery vehicles, because the hydrophobic domains can modify to
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carry small molecule therapeutics and many groups have focused on amphiphilic

DNA structures to enhance their potential biomedical applications.

With modifications, existing ptocols for sequeneeontrolled or sequence defined
polymer synthesis can be used to create-mainral sequenegefined polymers.

Such a method should be tolerant to broad range of monomers due to the wide range
of monomer availability. The connection Ween sequence and properties of
polymers for norbiological macromolecules is not a wdkfined area but scientists

have shown greater interest of the area in last decade and, synthesis of long polymer

sequences is one of the big challenges in the field.

Sequence defined polymers can be designed for storage of information, as shown by
Lutz!931%% His group reported that selection of the appropriate monomers linked
with each other through chemoselective repeating cycles of amidificaind
CUAAC reactions led to creation of a (0,1) binary code. The encoded oligomers were
prepared using AB and CD building blocks (A = acid, B = alkyne, C = amine, D =
azide). The code was composed with one coding and oneaudimg AB unit
complementedby a noncoding spacer monomer (H¥en with limited technology,

these sequengmntrolledpolymer storage systems offer great perspectives.

Final properties of polymers such as folding and-as#fembly influenced by the
polymers structureln contrast tobiological polymers, folding of noenatural
polymers opens new prospects in synthetic chemistry. Controlled -singile
polymers could fold into structures that mimic important natural processes such as
protein folding, and DNA packing. Nematural oligoneric sequences that have the
unique ability to fold into welblefined confirmations in solutions are known as

foldamers. Foldamers organize themselves by supramolecular interactions such as
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metall i gand ¢ o estackingh @ thydmgen bonding arteir structural
complexity can only truly extend to simple secondary structures such as helices,
sheets or turnddelical foldamers offer a great variety of molecular architectures.
Those structures are far surpassing than biopolymer building blocks befdhse o
variety of backbone structures and side chains. Peptidomimetic foldamers are
developed to possess common features of natural polypeptides, with some
advantages over the parent molecule, such as greater stability of the helix, lower
susceptibility tometabolism and the greater flexibility in design. Numerous types of
foldamer backbones such as peptoNs, Mriked ureas, hydroxyamides, aromatic
oligoamides, and aromatic tertiary amides have been investigated in great

depth!®1%Most of these foldamers rely onliHo n d i mstackingrintefactions.

1.5 Thesis Aims

Researchers have been extensively exploring the synthesis of completely non
nucleocidic sequence defined nanostructures to develop functional systems for a
wide range of applications. However, achieving superior levels control over the

primary structure o& polymer is challenging and require a great deal of endurance.

The research covered in this thesis is focused on segdefined non-natural
polyphosphodiesters, particularly on the possibility of obtaining new and useful
features by exploiting sequeneariation. Even if this class of molecules has not yet
found applications, the unique possibility to tune the primary structure offered by
these polymers, enables the synthesis of macromolecules with finely defined new
properties. For all of these reasptisese new molecules are promising candidates

for the implementation of nexgeneration polymers.
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Chapter 2 discusses the application of solid phase synthesis to creataturah
polymers with hydrophobic and hydrophilic moieties. Over the past fewddsca
various strategies have been investigated for monomer sequence control. Our
strategy allows to create polyphospdodiesters with -dafined sequence. The
created polymers display unique and engrossing folding andasssmbly in

aqueous media.

Chapte 3 discusses sequenpsogrammed  folding of DAMNDI
polyphosphodiesters. The electrostatic complementarity of DAN and NDI units have
proven to be interact with each other to form pleated secondary structure to higher
order architectures. Here we describe insertion of DAN and NDI in various

sequences within a dr@er to trimers.

Chapter 4 reports an approach to simpler, less wasteful, sepitase method to

synthesises well defined and/or potentially functional polymers.
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Chapter 2

2 Seltassembly and folding of sequence defined
polyphosphoesters

Portions of the work in this Chapter hav
uniform polyphosphoesters programmes-sef s embl y and f ol di ngo
Appukutti, Joseph R. Jones and Christopher J. Serpell in April 2020 Chemical

Communications (5303310)

2.1 Introduction

The research covered in this chapter concerns design and synthesis of sequence
defined completely nenucleosidic copolymers, and theg&lisassembly in agqueous

media.

DNA is a fascinating sequenckefined polymer found in biology. Among many

available approaches, routine DNA synthesis is currently based on phosphoramidite
chemistry. The methods used in sgiidase DNA synthesis have quigkbeen

extended to other building blocks, besides DNA, and researchers can now

i ncorporate a wide variety of molecul es
using phosphoramidite derivative4.This progress in DNA syntheshas laid the

foundation for the synthesis of DNa&mphiphile hybrids and has significant
influence in synthetic DNA assembly. Amphiphilic safsembly can create well

defined nanostructures using a completely different set of interactions to structural

DNA nanotechnology. These two types of interactions can introduce the capability

of block copolymers for longange seHassembly into DNA system. For this reason,
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the combination of the two orthogonal approaches provides a powerful platform with

great oppaunities for novel, useful and dynamic nanotechnology.

Solutionphase conjugations of DNA to hydrophobic polymers requiresterdd
coupling of a highly hydrophilic and charged DNA strand with a hydrophobic
polymer chain, resulting in suliptimal yields Additionally, in such methods, the
polymer block is usually synthesised first through traditional polymerisation
methods, with resultant dispersity, prior to its transformation into a phosphoramidite
and conjugation to the DNA. This results in DNA ampligs that display
molecular weight variation and structural dispersity which often translate to the
overall assembly. In contrast, the solid phase approach to DNA amphiphile synthesis

has allowed access to a wide variety of linear and branched DNA aritghiph

Sleiman and cavorkers reported a soliphase approach for synthesising
monodisperse dendritic alkifdNA conjugates in high yields using commercially
available starting materiatsLater they used stepwise sofiiase synthesis to
prepare monodisperse, sequedeéined DNApolymer conjugatés (Error!
Reference source not found. They used classic phosphoramidite chemistry which
has also been applied in the synthesis of other DNA conjugates such as
oligopyrenotidé, oligonucleotide oligospermifeand glycoiconjugate$ appended

to DNA. The resarchers employed hydrophilic hexa(ethylene glycol) blocks and
hydrophobic hexa(ethylene), or C12, blocks are commercially available as the
corresponding dimethoxytrityl (DMT) protected phosphoramidites. Varying the
number or sequence of the obtained oligsnup to twelve attached blocks they
have fined tuned the hydrophobidityAdditionally, the seHassembly and the
influence of the attached oligomers on the formation of higher order-three
dimensional structures was studied. In another approach, the# pseluorocarbon
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containing phosphoramidites for DNA strand synthesis, which was referred to as

fi DN e f lalsondemonstrated by the Sleiman gréupwo phosphoramidite

building blocks bearing either hexa(ethylene glycol) or perfluorinated side chains

were used to synthesi®nnatural polymers. The desired copolymers were formed

with two building blocks coupled bgutomated phosphoramidite chemistry on a

DNA synthesiser. The sef s sembl y o4 e ft lh@n ofi DWas i nves:t
dynamic light scattering (DLS) and atomic force microscopy, whereby spherical
micelles with a perfluorocarbon core and DNA corona and nasipg distribution

were observed.

DMTOT\/ o}\/\
ODMT
5 ?—O 1. lterative couplings
K[O)__b - O‘P\‘ORZ TII1II I Seque:zle)ﬁ):rtrolled
Y ase
o 0 o
- base
DNA synthesizer o 2. Cleavage from CPG
coupling cycle and deprotection DNA
& PG G DNA i
G

Repeat units in product

Monomers . = O\(IF);,O
- DMTO N OspzNPY): HE o

6 O(CH,),CN

0 N(Pr ‘ = /\/O\/\ /\/O\/\ /\/0*9'0
DMTo{'\/ L\F.Y (iPr), = o) (6] 0] g»

O(CH,),CN HEG

Figure 2.1 Solid-phase synthetic route to generate sequeefieed DNApolymer
conjugates described by Sleiman aneharkers.Adapted with permission from
referencgNat. Chem. 2013)

DNA amphiphiles selassemble into several morphologies due to phase separation
of their hydrophilic and hydrophobic components. The range of accessible
morphologies can also be tailored by varying thm raft hydrophilic to hydrophobic

blocks. Spherical particles are the most common geometry obtained for self
assembled DNA amphiphiles. Many DNA amphiphiles have been observed to form
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spherical micelles with diameters ranging fronrb® nm*1912 |n addition to
sphericalgeometries, hollowed vesicles, and -aheensional roeshaped assemblies

(3D structures extended in one dimension) have also been obtained from DNA
amphiphiles:¥1® DNA amphiphiles have shown great promise as drug delivery
vehicles, either by incorporating small molecule drug agents or using the

oligonucleotide portion as the therapeutic itself.

I n 2018 Sl eimands gr oup-specdipiotrodet®wn of a he di
single cyanine dye (Cy3) molecule into sequecwatrolled DNA amphiphiles

results in a complete morphological switch from spheres to 1D fibrEse Cy3

modi fied DNATpol ymer conjugate was synt.
DNA segment at one end, attached to 12 hexaethylene (HE) units, to which one or

two units of Cy3 dye were appgre d a't the oppe®dNAad end (
Cy 3 Cy 31 HE 1 Phe frAhds)were synthesised by splithse synthesis using

phosphoramidite chemistry (Figure 2.2).

3 93

® =
Oligomer block > S— A \ /\(
_»‘OUD“"‘J _’Fur_’l)‘er(oupl_\ng > sup?aort Self-assembly /7 hedn
Y \ A
Aqueous buffer o
0f0]

o l
£ 7l
2

/

N\

/7

N\
<

Solid Support

Spherical Nucleic Acids

Coupling of Cy3 units
or

Cleavage from support

n=1o0r2

Self-assembly

/\ .‘" = ¢ 1 Aqueous buffer
\

Monodisperse
Cy3-HE, -DNA conjugate DNA Nanofibers

Figure 2.2 Synthesis ofsequenceontrolled Cy3HE:>~DNA or Cy3Cy3HE12
DNA conjugates and their sedssembly behaviouAdapted with permission from
referencgAm. Chem. Soc. 2018J.
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Lutz and ceworkers have developed several systems that resséiguencalefined
oligomers foraiming at encoded macromolecular sequences for data storage. In a
first approach, the synthesis of phosphoramidite oligomers was conducted using a
crosslinked polystyrene solid support, that provided the highly efficient aalil

established and optimised phosphoramidite coupfidpn-natural phosphoramiie

o
—

monomers were defined as 0, 1, and 1

By performing the coupling reactions manually, sequedefened oligomers with
lengths between pentamers up to 24mers were achieved. The polymers allowed for
postsynthetic modification by coppercatalysed azidalkyne cycloaddition
(CUAAC) as terminal alkyne functions were incorporated. As a proof of principle,
PEGylation of the polyphosphates was performed. The protocol was later extended
by automating the coupling using a DNA synthestseobtain polymers with more

than 100 monomer$.Three to twelve hours of relatively short times was taken for

the process with high coupling efficiencies depending on the length of the sequences.

Even tlough many achievements towards Dig8lymer conjugates had been made
in the literature, it is a great challenge to create completelynatumal DNA

amphiphile inspired macromolecules with a widfined sequence.

In comparison to DNApolymer conjugates, esjuencedefined, completely noen

natural polymers can have an even broader range of sequence and backbone diversity
as well as unlimited functional sidechains. Following the protein blueprint,
sequencalefined polymers are perfect platform for generatingpreive structural
complexity, such as setfssembly into nanostructures, folding, the formation of

stimuli-responsive sites, catalytic sites, and soTdns kind of synthesis approach
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has been the subject of polymer, and materials science for sevesal fleaever,
achieving absolute control over the primary structure inmettaral polymers is still

challenging.

In this chapter, application of solghase phosphoramidite synthesis, commonly
used to make DNA, in the creation of completely matural pdymer with
hydrophobic and hydrophilic units, i.e. designed for-asBembly, will be briefly
discussed. This chapter then covers the behaviour of the sequenced systems in

aqueous media.

2.2 Result and discussion.

2.2.1 Non nucleosidic monomer synthesis
The geneal approach of creation of reagents for solid phase phosphoramidite
chemistry is to produce them from diols in two steps (Scheme 2.1). The reagents
were chosen to give simple hydrophilic and hydrophobic unfunctionalized systems.
Bisphenol A (BPA) and 1,t8odecanediol chosen to give hydrophobic motifs and

tetra ethylene glycol (TEG) was used as hydrophilic unit.

OMe
cl+< )-OMe 'V'e Nc:> OMe
O CI-P(NiPr,)(OCH,CH,CN O
HO_-_OH o~ HO--O O OMe ( I r2)( 2 2 ) OP-O—-O O OMe
DMAP, DIPEA O DIPEA >—N)_ O

Scheme2.1 Synthesis of phosphoramidite reageaompatible with phosphoramidite
solid phase synthesis using a diol as the starting material:-protection of diol
with DMT-CI followed by the phosphoramidite activation.

One of the hydroxyl groups of the diol

dimetloxytrityl chloride (DMT-CI). Several advantages can be envisioned for the
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use of the 4,4dimethoxytrityl group as a hydroxyl protecting moiety: low cost and
readily available as pure 4;dimethoxytrityl chloride (DMTCI), and selective
deprotection (whdh is vital in oligonucleotide synthesis because of the trityl
monitor). The remaining alcohol was reacted with -cyanoethyl
N,N-diisopropylchlorophosphoramidite under dry,-f@ee, conditions to give the

activated reagent.

Commercially purchased BPA was reacted with DMT following Scheme 2.2. The
BPA dissolved in dry DCM was combined w#thdimethyl aminopyridine (DMAP).
DMT-ClI was then added, followed by the dropwise additioof
N,N-diisopropylethylamine (DIPEA) over a period of 30 minutes. The reaction was
stirred for 20 hours and then solvent was removed to obtain a brownish solid product
with 43% yield The completion of the reaction was confirmed with the TLC
comparison wh reactant and the final reaction mixturehe product was then
purified using silica column chromatography (DCM: Me®HO00:1). The obtained
white coloured product changed irdmangeduring the chromatography proce$he
collected fractions from the konn chromatography were compared with the
starting materials andnfortunatelythere was no new product isolated from the
processWhen bound to a molecule, DMT doesn't have muchadlaur, but when

it's removed with acidhe resultingsolution ofdimethoxy tritylcation has a brilliant
orange colour. Thebservedcolour suggest thathe protecting group ifalling off.

The procedure was repeated several times, with the same Tesylliethers are acid
labile and as silica is slightlgcidic, and the phenolic alcohol is a better leaving
group than an aliphatic alcohol, this might be resulting in premature DMT
deprotectionduring the purification process. The synthesis was repeated with trityl

chloride instead of DMCI asprotecting groupvhich isalesslabile to weakacids.
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o 0 oge

DMAP, DIPEA

Scheme2.2 Mono protection of BPA with trityl chloride.

The moneprotection was successfully achieved with trityl chloride following the
same procedure (Scheme 2.2) and the purification was carriegiawolumn
chromatography usingasic alumina to avoid the acidic environment. The product
2.1 was purified via column chromatography (DCM: MeOH: Hex&08:1:1)
yielding the desired product as a white powder with 43% yield and product was
confirmed by!H NMR (Figure 2.3) which is goodonsidering the statistical nature

of the reaction places a theoretical maximum vyield of 50% for the monoprotected

form.

To create a BPA phosphoramidite, megmotected BPA 2.1 was then reacted with
chlorophosphoramidite reagent in a 1:1 ratio (Scheme 2.3). The
chlorophosphoramidite reagent is highly sensitive to oxygen, hence the synthesis
was carried out in under inert condition to avoid the oxidising the reagent or the

product.
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Figure 2.3 *H NMR of trityl protected BPA recorded in DMSO.

l DIPEA

CI-P(NiPr,)(OCH,CH,CN
HOO O (N/Pr;)(OCH,CH,CN) AP\E.

21

Scheme2.3 Synthesis of BPA phosphoramidite reagent.
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The reaction of monoprotected BPA with the chlorophosphoramidite reagent was
successfully complete and the proddc was purified with an alumina plug. The
product was vacuumed dried and stored connected to nitrogen gas to avoid
oxidation. Obtained whit@roduct gave 32% yieldnd,'H NMR wasrecorded in
DMSO (Figure 24). 3P NMR is an excellent technique for studying phosphorus
containing compoundand 3P NMR are typically reporte phosphoric agi(V))
around0 ppmandtrivalent (P(Ill)) phosphorousompoundshift around140 ppm

The observegeak at 140 ppm on tHéP NMR spectrum (Figure 2.5) confirmed the
product as a phosphitdester which was not oxidised during the purification

process.

The synthesis of mono protected C12 and TEG diols derivatives were then attempted
following the same procedure. Unfortunately, both C12 and TEG +patections

failed to proceed regardless of multiple attempts.
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Figure 2.4 'H NMR of BPA phosphoramidite reagent recorded in DMSO.
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Figure 2.5 3P NMR of BPA phosphoramidite reagent recorded in DMSO.

2.2.2 Synthesis of BPAhosphate oligomers
The synthesised BPA phosphoramidite reagerit was keptin oxygen free
environment to avoid the oxidatiomntil used in solid phase synthesis using an
automated DNA synthesiseiThe synthesis was adapted from the typical DNA
synthesis protocol. The synthesis cycle is illustrated in Figur€a2.&nd contains
four steps: (i) deprotection of the dimethoxytrityl group; (ii) coupling with a
phosphoramidite unit; (iii) capping the strands that failed to undergo coupling and;
(iv) oxidation of phosphorus (lll) to more stable phosphorus (V). Perfect strands can
be obained after basmediated deprotection and cleavage from solid support
followed by purifications. The coupling step time was extended (600s) relative to
standard DNA synthesis (308) improve the coupling efficiency and maximise
product yield. Synthesisavs perf ormed on a 1 &emol e
required 1000A CPG solid support. The efficiency was monitored by UV absorption
of outgoing DMT cation.The trityl monitor detects the DMT (dimethoxytrityl)

group as itis removed during theleblocking step. During synthesis, thayl
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information is displayed as a histogram on the instruniertheevent of a failure in

the coupling chemistry, the trityl monitshows it on histogram as a missing bar.

(a)
[ 3
(\) 1 Deprotection CN
fo-C__D-o-p-o}
o t
Coupling
CN
, =
CN
o- (0]
0~ oo o A o/
: 0ok
o
0 |
Capping ‘
Deprotection and
[ Oxidation
[¢]
o obo @
O

(b) (c)

Sequence Denoted on Tnty1 Hllegram is {3 57

Figure 2.6 (a) The phosphoramidite nenucleosidic oligomer synthesis cycle (b)
DNA synthesiser (c) Trityl histogram of BPA oligomer (failed af' thupling).

A 20-unit long BPA polymer synthesis was attempted using automated solid phase

synthesiser but failed at the eleventh coupling (Figure 2.6 (c)). The BPA11 polymer

was then cleaved and deprotected with ammonium hydroxide at 60 °C. The
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purification was conducted by the ethanol precipitation method by adding 100 pL of

3M sodium acetate, 500 pL of 5M ammonium acetate and 2 mL of 100% ethanol to

the polymer product. The mixture was then frozen overnigiz &t : This pro
is commonly usedtechnique for concentrating and -sl@lting nucleic acids
preparations in aqueous solution. With the backbone similarity the synthesised
BPAl1l was expected to behave similarly, however the pellet did not form as

expected after centrifuging the mixture all peed

2.2.2.1 Electrophoretic mobility assays

Electrophoresis through agarose polyacrylamide gels is commonly used to
separate, identify, and purify nucleic acid fragments and proteins. The technique is
simple, rapid to perform and capable of resolving fragments of DNA and/or RNA.
Polyacrylamide gel electrophore§RAGE) is used aslectrically neutral matrix to
separate doubistranded DNA fragments according to size and siagended DNA
according to size and conformation. Polyacrylamide gels are more effective than

agarose gels in separating small fragments.

Denaturing Polyagtamide Gel Electrophoresis (PAGE) was carried out for the
sample at room temperature for 30 minutes at 250 V. StandafdMA sample was
used as the reference. The DNA bands were visualised by incubation with- Stains

All®.

The cationic dye Stair&ll® visualizes the bands differently depending on its
contact to other molecules: RNA stained blugisinple, whereas DNA is stained
blue and proteins staining red. This is an ideal dye for the visualization and
identification of proteins on polyacrylamide gdiscause it differentiates between

highly acidic proteins which stain blue and less acidic proteins which stain pink.
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StainsAll® was selected as the first choice because of its ability to stain a variety of

biopolymers, with the added benefit of multicaleeadout.

The BPA11 sample was observed as two bands on the poly acrylamide gel (Figure
2.7). Ao nucleic acid was used as reference and begtaAd theBPA11 bands were
bluish-purple in colour. The two bands may have appeared due to the coupling
failure in the middle of the cycle, causing oligomers with two different lengths. The
synthesis process was repeated a couple of tiaed with the repetition the
moromer synthesis yield got better. However, when the new batch of purified
phosphoramidite reagent was employed in the automated solid phase synthesis

process the coupling failed at the very start.

Figure 2.7 Denaturing polyacrylamide gel electrophoresis (20%) showing the
product BPA oligomer.

2.2.3 C12-HEG sequence isomers system
To more rapidly construct a scalable and highly monodisperse hydrophobic
hydrophilic systems, two monomse commercially available as DMT protected

phosphoramidite reagents, were purchased. To provide the hydrophobic motifs to
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polymers chain, dodecane di@12) was selected and hexaethylene gly¢tiEG)

was picked as the hydrophilic unit.

C12 and HEG monomers were transformed into polymers using automated solid
phase phosphoramidite chemistry. This approach offered monodisperse polymers in
high yields and provided control over the length and sequence of the monomer units
in the final structure. Succe®f the synthesis was observed with the trityl graphs
(Figure 2.1Q(b)). The final DMT was left on the strand due to the lack of&tve
groups in the final polymer which would enable UV quantification. The strands were
then cleaved from the CPG suppodyanoethydeprotectedusing ammonium
hydroxide, and purifiediia size exclusion chromatography. The DMT groups were
then cleaved using 4 : 1 acetic acid : water. The optical absorption of the removed
DMT at 500 nm was used to quantify the product, tghogomparison against a
standard curve (using DMTI) to obtain yields. Th€12-HEG polymers expected

to have neaperfect sequence control and minimal dispersity as the-gbéde
synthesis provides a stepwise yield of up to 99.5%. The first approadakeasby
creating 20mers o€12 and HEG in a 1:1 ratio. Four different sequence patterns

were initially planned to create witb12 andHEG units illustrated in Figure 2.8.

00000000000000000000 <. C:
000000000000 00000000 ()
00000000000000000000 (€12 C:):
0000000000 0000088C0 i

Figure 2.8 Designed sequence patterns@ir2-HEG oligomers
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The synthesis was conducted on a 1 pmol scale, and the diblock arran@draent
HEG10 and alternatingC12-HEG)10 sequences were successfully synthesised using
the same method reported in previous section (Figure 2.9). Howeve{C1iBe
HEGs)2 and (C12-HEG:2)s sequenceproved more difficult to generat€12ioi
HEG10 diblock sequence showed apparent yield of 116%nd (C12i HEG)10
showed a yield 59%elative to the expected 1 pmol maximum yield based upon the
quoted loading of the solid support. The yield f@1210-HEG10 showed more than
100%: this might be due to weighing, pipetting, and calibrataaited errcs. It has
previously been found that the stepwise coupling tends to decrease when the
incoming monomer was different from the preceding ‘ofitiis pattern can be
observed here too, with the alternating polymer giving lower yield than the diblock

sequence.

C12:1-HEGv 00000000000000000000
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Figure 2.9 Chemical structuresf C1210-HEG10and(C12-HEG)10
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As the synthesisprogressesdisplayed histogram on the instrumeshows
consistencesynthesis withthe similar heightbars. The successful synthesis was
confirmed with gel electrophoresis. Initially, StaiAl® was used for visualising

the band on the gehs had proved successful for the BPA oligankéswever,no

bands were observed for tl2/HEG samples after incubating with the stain for
one hour. Despite allowing the gel to incubate in the stain overnight, the bands were
still not seen on the gel. Mg SYBR safe, which is more sensitive towards DNA,
was used as the stain, and also failed. Both Stdinend SYBR safe are cyanine
dyes and are able to interact with DNA by intercalatfofiaking into account that

the C12/HEG primary structureshave no aromatic nits with which stacking
interactions akin to intercalation could occur, cyanine dyes might not be the best
choice of staining for gel staininfylethylene blue is commonly used as a nucleic
acid stain and it does not intercalate in nucleic acid chainggaithsoperating
primarily electrostatically! Thus,use of methylene blue wasuind to be preferable

to intercalating dyes for staining. The bands were visuabgt incubating with
methylene blue in water for approximately 15 min (Figure Zc)0 DNA (20mer)

was used as the reference and small differences observedorierucleosidic
sequences in gel mobility related to the sequence of DNA strands are due to their
small molecular weight differenc&Vith the several attempts taken for the 20%
polyacrylamide gel and staining, it is found that to visualise the bands gelthie

was necessary to load a much greater quantity of the polymer (1 nmol) onto
polyacrylamide gels than would be needed for DNA (10 pnidi moneisotopic

mass of 6021 m/z was confirmed for the sequences with mass spectrometry (Figure

2.11 andrigure 2.12).
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Figure 2.10 (a) Synthesis of sequendefined polyphosphodiesters. (b) Trityl
histograms showing successful synthesis. (c) Denaturing polyacrylamide gel
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Figure 2.11 Mass spectrum af12:10-HEG 10, with expansions of the triply and

guadruply charged peaks corresponding to a monoisotopic mass of 6020.93 Da
(calculated exact mass is 6020.77 Da.
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Figure 2.12 Mass spectrum of (C1REG)o, with expansions of the triply and
quadruply charged peaks corresponding to a monoisotopic mass of 6021.00 Da
(calculated exact mass is 6020.77. Da

The sequence of thaydrophobic hexaethyleneC12) blocks and hydrophilic
hexaethylene glycoHEG) blocks were ¥pected to influence the sedssembly and

folding motifs of polymer strands. The polymers were-asfembled in triacetate
magnesium acetate buffer (TAMg, containing 12.5 mM ?Nlig Cations, and

particular divalent cations such Kfggreatly affect the tsucture and stability of

DNA structures. The M ions interact with noioridging oxygen of the phosphate

groups and stabilize the se@ésemblyof duplexes and other structures by blocking

the electrostatic repulsion between phosphate groups. Theréfdvig buffer was

used for the investigation of the effect of block pattern on the amphiphilic
self assembly in solution. The -lmaty mer s
EDTA) buffer. Since EDTA is a chelating agent, TBE buffer wasdasthe second

buffer to study the selassembly because iprovides an M§ free environment

which can use as a control farAMg buffer selfassembly The sel f ass

behaviour of block copolyme€l1210-HEG10 was expected to show similar self
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assembly to DNA amphiphiles and investigations were carried out to confirm

whet her t he phG@GRKandHEG eoujd behave as antamphiphile.

2.2.3.1 Selfassembly of sequence isomers in TBE buffer

Dynamic light scattering (DLS) studies were performed for both polymBisS
spectroscopy is used teterminethe size distribution of particlesn the DLS
experimentparticle sizeis determined with th8rownian motion.This methodcan
give results with highconfidencefor monodisperse suspensions of unaggregated
nanoparticlesndsolutions containing large aggregates be a challenge analyse

with this method.

Assuming the sphere formation saisembly the samples were first screened in
TBE buffer. For the dilution studies, samples with different concentrations were
prepared by diluting 100 uM sample. The samples were screened in timed intervals
(O hr, 1 hr, 2 hr, 3 hr, 24 hr) to give apparent (since the calculation assumes a sphere,

but we fave no prior knowledge of shape) hydrodynamic diameters.

For the block copolymeiC12:0-HEG10 at 100 uM (Figure 2.13)DLS gave
hydrodynamic diameters, starting from 72 nm and increasing up to 615 nm over a
period of 4 hoursThe hydrodynamic diameter agged as initial peak at 274 nm at
lower concentration of 10 uM (Figure 2.14), gradually increased up to 714 nm, but
after 24 hours the pediad returned to 255 nihe sequence was also studied atM
(Figure 2.15)concentration but the observed data duailvas poor. At this
concentration, the apparent particle size fluctuated between 122 and 448 tiva

data quality was too poor to analyse further. At different concentratdr®se-HE 10
hydrodynamic diameters observed to be wide range of values.sliggest that

different superstructures are generated at different concentrations. However, the DLS
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data for isome(C12-HEG)10 suggested comparably more stable structures over the
24 h timeframe (Figure 2.13). At 100 uM concentration, desembled structures
exhibited a diameter of 615 nm as detected by DLS. At 10 filure 2.14, the
peak was again stable, while at 1 uM (Figure 2.15) ctivecentration was too low,

the scattering from the particles was weak and the measurement resaltsosy.

The selfassembly of both sequences was examined with fluorescent membrane
probe Nile Red (NR) in parallel to the DLS studies. Nile Red is highly efficient in its
capability to identify different aggregate morphologies formed by amphiphile
mixtures since NRfluorescence depends on the polarity of the environment.
Compared with the hydrophobic environments, Nile Red's fluorescence intensity is
very weak in watef??® Therefore, NR can be used to monitor the hydrophobic
environments formed as a result of smfembly. For C1210i HEG10 at 100 uM, the
integrated fluorescence intensity gradually increased with time. After the first four
hours the fluorescence intensity remained stable. At 10 uM and 1 uM, the initial
intensity was at its highest and it then deceda® a stable level. THE12I HEG)10
sequence also showed increasing intensity at 100 uM over time and stabilized at high
intensity, but at 10 uM it was observed as gradually decreasing intensity. At 1 uM,
fluorescence intensities were not significantiffedent, and the signal was weak
from the start Error! Reference source not found). The integrated fluorescence
intensity for the block sequence was significantly higher than the alternating
polymer. This intensity rise indicates that placements of C12 units together provided

greater hydrophobic volume.
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The structures of the sedssembled nanomaterials were studied by transmission
electron microscopy (TEM) and atomic force microscofil)Nl). The images were
taken after 24h incubatiofSample intensities for some sangp#hows nalifference

in peals within two consecutive readings and those peaalelaps in the graphs)

The C1210i HEG10 sample in TBE at 100 pM concentration the TEM images
showed large twisting rope shapes with multiple micrometres in length and@0

nm in width. Some structurers represented the unrolled nanoribbons (Figure 2.16).
The structures were confirmed by th&M (Figure 2.19). The diluted samples at 10
MM and 1 pM were also so examined with TEM and AFM. At 10 MBA2i00
HEG 10 primarily lamellare structures appeared on TEM and small spherical shapes
and long fibre shapes were also found randomly (Figure 2.1ffizhwwas also
confirmed with AFM Error! Reference source not found). However, at 1 uM,
mainly 41 nm long and 19 + 3 nm prolate particles were found on TEM (Figure
2.18). It appears that small prolate particles are the first stage edssathbly
structures and these small particle merge to form lamellae which would then roll off

to produce fibres with morphologies as seen at 10qkiure 2.22 (a)).

The structural conversion studied with TEM in different concentrations are
consistent wittDLS and NR data. The sample for preparation were done by dilution
so the studied assemblies must be dynamic, allowing the fibres to break down into

lamellae and seeds.
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Figure 2.16 TEM images 0fC1210-HEG 1o, 100 &M, TBE buffer.
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Figure 2.17 TEM images oC121.0HEG1w, 10 e M, TBE buf fer
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Figure 2.18 TEM images ofC1210HEG1o, 1 e M, TBE buf fer
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14.0 nm 10.7.nm
-9.6 nm -5.0 nm
12.4 nm 7.8 nm
-4.9 nm -6.4 nm

Height 1.0 um

Figure 2.19 AFM images 0fC12,0-HEGqo, 100 e&€M,. TBE buffer

13.6 nm 7.5 nm

-13.8 nm -4.8 nm

Height 4.0 ym

Figure 2.20 AFM images 0iC1210-HEG o, 10 €M, TBE buffer
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The(C12-HEG)10 assemblies were also studied by TEM and AFM. With TBE
buffer at 100 uM, few irregular aggregates were appeared as shown in Egune (
Reference soge not found. These aggregates might be a result of random coils

gathering together ttorm occasional patches due to increased hydrophobicity (

Figure 2.30(b)).

Figure 221 TEM images of C12-HEG)1o, 100 e M, TBE buf fer
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Random coils

Sporadic interchain
hydrophobic contact

Figure 2.22 Selfassembly in TBE buffer of (&§12:10i HEG10and (b)(C12i
HEG)10 as analysed by TEM.
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2.2.3.2 Selfassembly of sequence isomers in TAMg buffer

The sequence isomer sedsemblies were then studied in TAMg buffer. Again, the
samples were first studied with DLS to have a rough idea on size distribution.
Immediate formation of assemblies with an apparent diameter of 712 nm was
measured for the bloakopolymerC12i0i HEG1o at 100 puM. Over 24 h, the overall
size distribution decrease ndmearly to 295 nm (Figure 2.23). The diluted sample

at 10 uM appeared as a stable population around 600 nm (Figure 2.24). At 1 uM,
particle size switched from arountl5 nm to 16 nm over 24 hours which is
consistent with single chain nanoparticles (SCNPs) (Figure 2.25). The data quality
was too poor at this dilution to be confident with the analysis. NR emission was
recorded in parallel to the DLS measurements. Tlagést NR emission was found

to be at 100 uM but at all the concentrations the emissions were decreased with time.

A stable population with 615 nm particle diameteas observed in DLS for
alternating polyme{C12-HEG)10 at 100 uM (Figure 2.23). The NRuorescence
intensity at this concentration decreased with the time. The data collected at lower
concentrations 10 uM (Figure 2.24) and 1 um (Figure 2.25) were not of sufficient
quality to be used. The NR emission at 10 uM initially started at high inyesusit

decreased to be stable and at 1 uM intensity did not change significantly within 24 h.
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Figure 2.23DLS (left) and NR emission measurements (rightiCd210-HEG 10
(top) and(C12-HEG)10( bot t om) i n TAMg buffer at 100
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Figure 2.24 DLS (left) and NR emission measurements (right) @ic-HEG10
(top) and(C12-HEG)10( bot t om) i n TAMg buffer at 10
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Figure 2.25DLS (left) and NR emission measurements (rightCd2i0-HEG 10
(top) and(C12-HEG)10( bot t o m)

in TAMg buffer at 1 ¢

Then the selassembly of Cl@i HEGio was investigated using TEM. It was

observed that the block copolymer assembled in to small prolate particles with 18 +

4 nm in length by 7 £ 1 nm in diameter at 100 uM (Figure 2.26). These particles

wer e

mor e

u

n

form

t han

tvadefor €18AHEGcab s e e d 6

1uM in TBE buffer. Because of the presence offMgns in the solution, even at the

86



Nadeema Appukutti

higher concentrations, TAMg buffer promotes collapse polymers to form more
consi stent particl es. AFM s howeiaghs btitl umpy 6
with dilution samples the structures were revealed to be spherical particles with 1.3 +

0.6 nm high, 22.5 + 8.5 nm diameter (Figure 2.27). These structures suggest SCNP

formation. The lumpiness of the structures formed at 100 uM could then be the

aggregates of SCNRs solution

Figure 226 TEM images ofC121.0cHEGi, 100 &M, TAMg buf fer
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-35.8 nm -40.5 nm
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Figure 2.27AFM images ofC1210-HEG1yo, 100 &M, TAMg buffer
Cl1210-HEG 15, 10 &M, TAMg buffer
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The alternating polymefC12-HEG)10 was simultaneously studied with TEM and
AFM. At 100 uM discoid structures were observed 6.1 £ 1.0 nm by 14.6 + 3.2 nm
(Figure 2.28) and confirmed by AFM (Figure 2.29). The smallest dimension of
observed particle is much larger than the previously studaednmum distance of a
concertina conformation of the alternating polymers (3.8 Affiis is the first time

that selfassembly of discs has been experimentally observed in alternating polymers
and it is hard to come to a conclusion at this stage whdtdfisubstructure could be

given by(C12 HEG)o.

Figure 228 TEM images o{C12-HEG) 1o, 100 €M, TAMg buffer.
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